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THEORIES OR THEOREM? 


Gray matter gets a great deal of exercise at Halliburton. 
Hand-picked, high-calibre engineers search unceasingly 
for better ways to serve the oil industry. Their ideas are 
measured by Halliburton’s million-job experience and 
examined in the light of 25 years’ research. A good, prac- 
tical idea then becomes a preject, subject to experiment 
for month after month and tested by the most rigorous 
methods known. When you finally see an announcement 
of a new development by Halliburton, or jointly with 
other companies, you may rest assured that it is a 
theorem, not a theory. And it will be commercially 
advantageous to the oil industry 


HALLIBTt RTON 
Oil Well Cementing ¢ duncan. Oklahoma 
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Three of five Cooper-Bessemer ]S-8 diesels, 
Catia de la Mar pumping station of the new Tacagua petroleum products line. 
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How they leveled out 


power problems on the mountain- 


climbing ¢$Zego/rch.” fa) 


Wuar with grades up to 45 per cent, it's no 
wonder the Tacagua products line is nicknamed 
the “Steep Inch.” This new line, joint project 
of Creole Petroleum Corporation and Shell Car- 
ibbean Petroleum Company, rises sharply from 
sea level at Catia de la Mar, reaches a crest of 
3,200 feet over mountainous terrain, and termi- 
nates at Caracas. 

In a project like this, reliable, trouble-free power 
is more than ever a matter of prime importance. 


They played safe on this problem — picked 


Cooper-Bessemer diesels to do the job. The three 
580 hp Cooper-Bessemer ]S-8’s shown above are 
driving pumps. Two more JS-8's drive generators 
for electric power requirements. They are the 
kind of engines you can count on for diesel per 
formance at its best any time, any place, in 


any service 
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HOW DOES RADOIL OPERATE? 


RADOIL is an electromagnetic te hnique for 


- direct location of oil. It is based on the use 


electromagnetic energy in the form of radio 
There are five distinct steps in the 


RADOIL operating principle 





. Radio-frequency, energy in the form of a 
“surface is directed along the 
air-earth boundary toward a receiver posi 


wave 


tioned at varying distances from the trans 
mitter. 

As the surface wave moves toward the 
receiver, a progression of electromagnetic 
“rays” is refracted downward into the 
earth along substantially parallel paths 
| pon striking a reflecting stratum, some of 
the rays are refracted farther into the 
earth, while others are reflected upward t 
the surface where they are again refractes l 
and rejoin the surface wave 

The combined energy of the wave sweep 
ing the surface and that of the reflected 
rays returning from depth is indicated by 
the receiver 
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BOW, 
Drop forged from 
the finest alloy 
spring steel. 
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MULTI-FLEX 
SCRATCHER 
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Scratches on the upstroke after 
casing reaches bottom. 
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HINGED NU-COIL 
SCRATCHER 


The coil spring, 
reversible —2 
scratcher. 
Economical 

and easiest to install. 
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Cover the critical section — ro- 
tate until the cement is placed. 
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field gas pressures falling? 


Clark has mn coe 2 Midget Angles” 


Are you confronted with the problem of field gas pressures 
falling faster than anticipated? Do you have inadequate 
compressor horsepower in existing field gathering stations 
to cope with these conditions? 

The obvious answer, of course, is to add more horse- 
power. Where and how to install it with the least possible 
disruption of existing plant facilities is an additional prob- 
lem. The most economical location, not only from the 
standpoint of reduced pipe size and consequently reduced 
cost, but also with overall horsepower requirements in mind, 
is at the point of highest suction pressure or at the well. 
The simplest, most practical field compressor suited to this 
use is the Clark Midget Angle. 

Factory “packaged” into a complete semi-portable com- 
pressor station, it is all set to go to work the day it is re- 
ceived. It has the stamina and ruggedness—the Clark 
quality and dependability backed by over 600 field instal- 
lations, to “take over” the job completely with a minimum 
of preparation. 


OFFICES 


Gas-Engine-Driven ° 
Motor-Driven ¢ 
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* Perfect balance virtually eliminates 
foundation. A simple concrete slab is 
sufficient. 


® Needs only a roof in most cases. 


*® Ready to tie in the day it arrives. 't's 
“factory packaged”. 


® Because it’s so rugged, very little 
attention is required. One man can 
handle a number of units. 


* Does not interfere with present com- 
pressor station facilities. 


® Easily trucked over lease roads and 
bridges without disassembly. It's small 
and compact. 


— — 








co YLEAN, N.Y 
Division of Dresser Operations, Inc 


IN PRINCIPAL CITIES THROUGHOUT THE WORLD 


Steam-Engine-Driven 


Centrifugal °* Axial Flow 
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TITLE” construction 


é 


TWO-PIECE 
GEAR HOUSING 


Provides easy accessibility 
for assembly and inspection 


@ Allows main gear to be assembled on 
shaft with heavy 60 ton pressed fit. All 
rotating parts easily set in place before 
cover is bolted on. No “threading” of shafts 
and bearings as necessitated by solid gear 
box with no split. 


@ Made of High Tensile Lufkaloy-lIron 
heavily ribbed inside, giving smooth ex- 
terior, pleasing in appearance and easy to 
keep clean. 


@ Large Heat Treated Alloy Steel Studs 
capable of carrying ten times rated load 
without stretching. 


® Large Clean Out Hole for removing 
sludge from bottom of box. 





LUFKIN, TEXAS 
Branch sales and service Houston, Dallas, New York, Tulsa, Los Angeles, Seminole, Oklahoma City 


Corpus Christi, Odessa, Kilgore, Wichita Falls, Casper, Wyoming; Great Bend, Kansas 
Lufkin Equipment in CANADA is handled by 


THE LUFKIN MACHINE CO., LTD., 14321 108th Avenue, Edmonton, Alberta, Canada. 
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The chemical treatment of oil and gas wells is 
not always just a matter of formation solubility. 
It is recognized that the physical state of the 
producing formation must also be considered. 
Dowell Jel-X Services are based on that con- 
sideration. They work mechanically as well as 
chemically to increase oil and gas production. 

Jel-X Services are fast! Many treatments take 
little more than an hour; the longest treatments 


something new 


well treatin 


Dowell Jel-X Services 


FOR INCREASED OIL AND GAS PRODUCTION 


are usually made in less than six hours. Rig- 
time is held to a minimum. Most chemicals 
arrive at your well mixed and ready to use. 
What’s more, shut-in time is unnecessary after 
treatment. 

Dowell’s Jel-X Services are a growing family 
with a variety of types to fit many different 
well conditions. Call the Dowell station near 
you for complete information. 


Here’s the Dowell Jel-X Family 


Dowe i SERVICE 





ETCHING ACID—Jel-X 100 has 
proved effective for use in lime- 
stone and dolomite formations 
with either fractured or vugular 
porosity. It is designed to etch 
and enlarge fractures or “‘vugs’’; 
clean fractures by removing mud, 
silicate and feldspar materials; 
penetrate formation farther from 
the well bore than ordinary acid. 


CHANNELING ACID—Jel-X 200 has 
proved effective in limestone and 
dolomite with some intergranular 
porosity. It is designed to form 
channels deep into pay formations. 
These channels permit the entrance 
of acid into zones far from the 


well bore, reaching production that 
might otherwise be untapped. 


STRATA-LIFT — Jel-X 400 has 
proved effective in problem wells 
completed in dense limestone or 
dolomite. It is designed to open 
new fractures and extend old 
ones, and to dissolve soluble por- 
tions of the formation. Strata-lift 
may carry suspended sand which 
operates as a propping or abrading 
agent. 

STRATA-FRAC— Jel-X has 
proved effective in sandstone, 
chert, chat and conglomerate 
formations. It is designed to dis- 
solve soluble materials including 


500 


silicates, paraffins and other heavy 
hydrocarbons; and to open new 
fractures or enlarge old ones. 
Strata-frac carries suspended sand 
as a propping or abrading agent; 
needs no following jel-breaker 
solution. 


TEMPORARY PLUGGING SERVICE— 
Jel-X 700, 800, 810 and 900 are 
very viscous solutions which have 
proved effective in selective acid- 
izing. They are designed to shut 
off the more permeable zones, 
permitting acid to be injected into 
the tighter formations. They are 
particularly useful in wells having 
multiple zone completions. 


Acidizing * Jel-X © Electric Pilot * Perfo-Jet * Paraffin Solvents + Jelflake 
Bulk Inhibited Acid * Chemical Cleaning for Heat Exchange Equipment 


S DOWELL 


FOR OjL INDUSTRY 


DOWELL INCORPORATED « TULSA 1, OKLAHOMA 
A Subsidiary of The Dow Chemical Company 


“First in Oilfield Acidizing ... Since 1932” 


CHEMICAL SERVICE 
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Industry's Stake in Engineering Education 


By Harry H. Power 
The University of Texas 
Member AIME 


HE article “Staff Problems Relating to Engineering Education” by Charles 
=. F. Weinaug which appeared in the May issue of PerroLeum TECHNOLOGY 
deals with a critical problem which may demand immediate attention if a satis 
factory solution is to be obtained 

Four threads of thought are uppermost in engineering educational circles 
today: (1) Many teachers are underpaid: (2) as a result they are being attracted 
to more lucrative positions in industry; (3) the quality of students is suffering 
thereby: and (4) something should be done* about it 

It is agreed that academic salaries should keep pace with those of industry 
It is common knowledge that a $5,000 salary back in 1939 has for its equivalence 
about $12,000 today based on equal purchasing power. While industrial salaries 
have increased to take care of the devaluation of the dollar and the increasing 
tax burden, academic salaries for the most part have increased only in sufficient 
amount to make up approximately half the difference between 1939 and 1952 
purchasing power. Hence. in many cases, the hopeful teacher who began his 
work in 1939 has actually found himself in a worse financial position than he was 
12 vears age, regardless of the annual “raises” he has received during his teach- 
ing career. Indeed. a new phrase has been coined today which may suit the 
situation rather appropriately: “It is a privilege to teach if one can afford it.” 


“VINCE industry, as Weinaug states, has such a big stake in the education of 

engineering students, it is the cherished hope of all competent teachers that 
through some unforeseen circumstances, chairs might be endowed so as to make 
engineering educational positions more attractive as compared with those in 
industry. This is possible. It has been doné before. At the educational symposium 
held before the Petroleum Branch last February in New York, a prominent oil 
executive from California mentioned the possibility of supplementing the usual 
institutional salaries of petroleum engineering educators from special funds 
donated by industry, especially for those institutions whose pay scales were 
inferior to those of the more fortunate institutions. Such signs of action are 
encouraging. Some will have objections and cry “Subsidization by industry.” But 
an emergency is here. And during such an emergency one cannot split hairs 
too finely. 

In the meantime, the usual payments must be made on the mortgage, the usual 
costly travel expenses to meetings must be met with a minimum of institutional 
aid, and all the other costs of living common to everyone are not found to be 
uncommon to educators. So I say, with one eye on the benevolent industrialist 
who may be bent on the establishment of a chair of petroleum engineering. and 
the other on an efficient teaching organization that is equipped to turn out the 
kind of product that industry needs so badly — at least for the present, let's 
develop a workable plan for the immediate future 


August, 1952 JOURNAL OF PETROLEUM TECHNOLOGY SECTION 1 





wea Hy 


NEW SERVICES | ors 
NEW 19 


in Perforating, Testing, and Fishing Tool Services 





fs) Latest News About New Tools, Techniques and Services sy 





NOW 


With no moving parts, shorter length, and smaller O. D. new McCullough 
Explosive-Expansion Bridge Plug saves setting time and drills out faster! 


Yes, no moving parts in the new McCullough Type 
“B” Bridge Plug—a positive metal-to-metal seal— 
the only one piece ALL METAL plug! 

It can take the roughest treatment and surpass 
your most exacting requirements, by: 


1. Drilling out faster and easier 


2. Saving rig time in running, locating 
and setting 


Resisting corrosion and electrolysis 


. Taking rough treatment without setting 
prematurely. 


Assuring a positive seal under the most 
extreme hydrostatic differential pressures 


6. Plugging in open hole 
__Run in the well on an electrie wire line, this is 
how the new McCullough Type “B” Bridge Plug 
accomplishes these things: 


1. DRILLS OUT FASTER AND EASIER 


Made of drillable metal of special analysis, it is easily 
drilled out without breaking up into chunks. There are abso- 
lutely no working, moving, or hardened parts to impede 
drilling-out progress. The McCullough Type “B” Bridge 
Plug has been drilled out in as little as 30 minutes. 


2. SAVES RIG TIME IN RUNNING, 
LOCATING AND SETTING 


Outside diameter of the Type “B” Plug is much smaller 
than the inside diameter of the pipe—and the plug is shorter 
in length. This smaller plug permits faster running-in speed 
and permits passage through dog legs and other obstruc- 
tions where larger plugs would fail. 


3. RESISTS CORROSION AND ELECTROLYSIS 


Field installations have proved that the plug will last as 
long as the casing in which it is set. 


4. TAKES ROUGH TREATMENT 


No working parts, no mechanical parts to fail. Control of 
plug for setting is at the surface of the well, using all 
safety devices as with McCullough Gun Perforators. 


5. ASSURES A POSITIVE LEAK-PROOF BRIDGE 


This has been proved under all types of well conditions: 
Casing under tension, compression, 13,000 p.s.i. hydrostatic 
heads, cemented casing, old and new casing of all weights. 
It has been tested with extremely high hydrostatic differ- 
ential pressures, higher than the threaded joint will hold 


without leaking 


6. PLUGGING IN OPEN HOLE 


In open hole, a McCullough Type “B” Bridge Plug held the 
weight of 6400’ of 4%” drill pipe without slipping or leak- 
ing! Open hole plugging and tests in open hole have been 
successfully performed in many areas, proving effective in 
hard formations such as limestone, sandstone, etc. 


CALL YOUR McCULLOUGH SERVICE ENGINEER.. 


...Or write for free four-page, illustrated, technical folder 
describing the new McCullough Type “B” Bridge Plug in detail. Do it today! 





McCULLOUGH TOOL COMPANY 

5820 South Alameda Street, Los Angeles 58, California 

405 McCarty Street (P. O. Box 2575) * Houston, Texas 
EXPORT OFFICE: Los Angeles, California 

CANADA: Edmonton, Calgary, Grande Prairie, Alb.; Regina, Saskatchewan 

VENEZUELA: United Oilwell Service Co., S.A.; Caracas, Anaco, Maracaibo 


PERFORATING, TESTING AND FISHING SERVICE ANYWHERE — ANYTIME! 





SERVICE LOCATIONS: TEXAS: Houston, Snyder, Alice, Cisco, 
Corpus Christi, McAllen, Odessa, Tyler, San Angelo, Victoria, Wichita Falls, 
Luling, Beaumont, Sherman, Hadacol. OKLAHOMA: Oklahoma City, Guy 
mon, Healdton. MISSISSIPPI: Laurel. NEW MEXICO: Hobbs. KANSAS: 
Great Bend. WYOMING: Cosper. CALIFORNIA: Los Angeles, Avenal, 
Bakersfield, Ventura. LOUISIANA: Houma, Lake Charles, New Iberia, Shreve 
port. COLORADO: Sterling. NORTH DAKOTA: Williston. UTAH: Vernal 








The North Coles Levee Field 
Pressure Maintenance Project 


By C. A. 


Richfield Oil Corp 


With gas injection started four years after discovery, 
production that would have been attained through 
the history of the injection program, with attention 


ABSTRACT 


Injection of all residue dry gas produced and additional! 
make-up gas to balance reservoir withdrawals from the Mair 
Western Zone in the North Coles Levee Field was started in 
November, 1942, about four years after discovery of the field 
At the time gas injection was started the reservoir pressure 
was above bubble point and has been maintained above that 
level since then. Compressor plant capacity has been increased 
from the original volume of 30 MMcf/D to 73 MMef. D to 
meet increased injection requirements in the Main Western 
Zone as well as fulfill the need for injection in the 21-1 Zone 
Gas injection in the 21-1] Zone was commenced \ugust 
1948. Currently the volume of gas being returned to the Mair 
Western Zone is 59,500 Mecf/D and to the 21-1 Zone is 9.509 
Mcf/D. This paper will deal primarily with the status of ga 
the Main Western Zone in of its 


in 


injection in view longer 
history. 

The majority of gas injected into the Main Western Zone 
has been within the confines of the original gas cap. Expan 
sion of the gas cap in a nearly uniform lateral and vertical 
pattern has necessitated remedial measures to control gas_ oil 
deter 


s00° F 


ratios. The position of the gas-oil interface has been 
by of temperature with a 100 
Amerada temperature recorder. Remedial work consisting of 
cementing blank sleeves in the liner and setting production 
packers in these sleeves has been performed to control the 
gas/oil ratio of individual wells and to limit the field produc 
tion to the installed compressor capacity. Operation in this 
manner has resulted in conserving a maximum of energy for 
exploiting of the reservoir and has minimized the sale of 


mined means surveys 


such potential energy to public utilities. 

Future production from the field, in the final stages 
probably consist of cycling the under 
constant pressure and at relatively high producing GOR’s to 
be followed by the depletion cycle. The reservoir might then 
be a candidate for further secondary recovery 
as water flooding or could be converted into a gas storags 


will 


reservoir relatively 


measures sucl 


project. 

Ultimate recoveries, under the 
gram, are expected to substantially 
which would have been realized had a controlled expanding 
gas cap depletion type mechanism been followed with no 


maintenance 
than 


pressure 
greater 


pro 


be those 


return of gas to the producing formation. It is anticipated 
that the majority of wells in the field can be flowed to deple 
tion thus avoiding large capital expenditures for artificial 
lifting equipment and attendant high operating costs. 

As of Oct. 1, 1951. the entire field had produced approxi 
mately 59,600.000 bbl of oil with a cumulative gross GOR of 


Paper presented at the Fall Meeting of the Petroleum Branch in I 
Angeles, Calf., Oct 1951 
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this field now anticipates nearly twice the ultimate 
ordinary gas cap depletion. The author develops 
to remedial measures for the control of GOR's. 


1.915 cu ft per bbl. Of this total, 49,300,000 bbl were pro- 
duced from the Main Western Zone with a cumulative gross 
GOR of 1,960 ecu ft bbl. At this same date. a total of 


116.725 Mecf of had been into all zones 


per 
».000 reinjected 
with 105,230,000 Mcf having been returned to the Main West- 
ern Zone. 


4 gas 


INTRODUCTION 


a historical coverage of gas injection 
Western Zone of the North 


attention is directed to methods em- 


This paper presents 
operations in the Main 
Levee Field. Particular 
ployed in the determination of the expanded gas-oil interface 


and remedial measures performed to control gas/oil ratios 


n Coles 


in the older producing wells as well as the program of develov- 
ment which is followed to insure reasonably low gas /oil ratios 


in newly completed wells 


LOCATION OF FIELD 


Ihe North Coles Levee Field is located on the floor of the 
San Joaquin Valley approximately midway between the cities 
of Bakersfield and Taft, Calif. It is located between the Ten 
Sections and Elk Hills Fields in an east-west direction and 
between the Canal and South Coles Levee and Canal Fields 
in a north-south direction. The present productive areal extent 
of the field encompasses the major portions of six Sections, 
27 through 29, 32 through 34, and minor portions of Sections 
26, 30, 31 and 35, all located in Township 30 South. Range 25 
East. Mount Diablo Base and Meridian. An interesting surface 
feature in the area the division of the North and South 
Coles Levee Fields by the Bakersfield-Taft, State of California 
Highway No. 399. This highway lies nearly on the axis of the 
narrow but deep syncline separating the two structures. 

The North Coles Levee Field derives its name from a levee 
1888 for the purpose of controlling admission 
flood waters to Buena Vista Lake. The levee 

Henry Miller of Miller and Lux and James B. 
Haggin of the founders of Kern Land Co. 
The which still today, bears the name of an 
early rancher who operated 


the 


constructed in 


f Kern 


was built 


River 
by 
the County 


one 
levee. stands 
i ferry across the slough within 
confines of the North Coles Levee Field. 


present 


STRATIGRAPHY AND STRUCTURE 


Although 
flat floor, the structure of 
elongated domal 


the surface which relatively 
the North Coles Levee Field is an 
the axis of which trends almost due 


not evident at is a 
anticline 
lhe 

tion 32 


the 


structural high occurs in the northeast 
The discovery well was drilled within 
two apex of the 
of of the area 
graph in the early part of 1938. The superimposed productive 


and west 
of 


low ations of 


east 


quarter Pel 


structure after completion 


an intensive survey with a reflection seismo 
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areal extent of all pools within the field as illustrated in Fig 
1, depicting structural contours on the “N” point marker, 
currently stands at about 3,200 acres. The productive bound 
aries in both the western and eastern ends of the field have 
not been fully determined. The southern and northern bound- 
aries are defined by dry holes drilled and several small pro 
ducing wells which penetrated the oil sand to the water table. 
The field is about four miles long and one and three-quarters 
miles wide. 

The geology of the field described in the ensuing paragraph 
is taken paper by W. J. Travers, Jr. titled “North 
Coles Levee Pressure Maintenance Control of Gas 
Petroleum 


from a 
Project 
Cap Expansion” American 
Institute in April, 1946, at Los Angeles, Calif. 
Folding is reflected in all beds below the Recent river fill 
Formations from the 4,000 ft Recent. 
Tulare, and San Joaquin Clay beds. This Quaternary-Upper 
Pliocene interval is predominately sand down to about 1,800 


presented before the 


surface to consist’ of 


ft and largely shale with a few lenticular and lenses from 
1,800 ft to 4,000 ft. From 4,000 ft to about 7,000 ft, the forma 
tion is predominately blue shale of Etchegoin-Pliocene age. 
bodies. Numerous normal 
These 
out with depth and with one or two minor exceptions are 
unidentifiable below the base of the Et hegoin. In 


localities some of these faults, combined with otherwise favor 


There are a few lenticular sand 


faults are present in this interval faults seem to die 


several 


able structure and discontinuity of the sand bodies, have 


resulted in the entrapment of dry gas. These dry gas sands 
range in depth from 4,000 ft to 5.600 ft and have an aggregate 
areal extent of 400 acres. A series of wells drilled into these 
gas sands have provided one source of make-up gas for the 
gas injection project in the North Coles Levee Field. From 
7.000 ft to a littl below 9.000 ft. the formation consists of 
Upper Miocene beds of the Monterey series. The upper 800 ft 
Bo 1.000 ft of Miocene consist of gray 
With no sand bodies of any significance. These shales become 
Gncreasingly compact and indurated depth and are 
immediately underlain by an interval of about 200 ft of very 
hard cherty brown shale which is known as the “Chert Zone.” 
Near the top of this “Chert Zone” is an outstanding electri¢ 


brown to brown shale 


with 


WESTERN 29° POOL 


MAIN WESTERN POQL 


FIG. 1— 
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log marker known as the “N”™ 
and widely used point for contouring in deep producing areas 
of the central part of the valley. Below the “Chert Zone” lies 
a total thickness of about 1,000 ft. 
A number of intra-zone names have been applied to this sand 
subdivisions of it, but the interval is 
usually as the “Stevens Sand.” The name “Stevens” 
was taken from a small railroad siding on the old McKittrick 
railroad adjacent to the well of the Ten Section 
Field. Permeable sands in the North Coles Levee Field first 
occur at points from 200 ft to 400 ft below the top of the 
“Chert Zone.” 

Figs. 2 and 3, East-West and North-South generalized cross 


point. It is the most consistent 


a sandy series which has 


and to various whole 


known 


discovery 


indicate pictorially the various produc- 
below the os a 


rhe first permeable sands are penetrated irreg- 


sections respective ly 


tive measures found correlation point in the 
“Chert Zone.” 
ularly from 200 ft to 400 ft below the “N” point. These upper 
700 ft below the “N” point (at the 
at which depth is located the top of 


The interval from approximately 400 ft 


sands extend to about 
crest of the structure) 
the main sand body 

below the “N” point to the top of the main sand has been 
designated the “Upper Western Zone.” Fig. 
development of the sands below the “N” 
This log, taken in a crestal well, depicts the poor 
development permeability condition of the Upper 
Western sands on the top of the structure. However, on the 
south flank of the structure, the shales 
lense into very good sand bodies which have served to extend 
limits of the field during recent 
Sections 34 and 35. On 
flank and eastern plunge of the structure, in the interval from 
200 ft to 400 ft below the “N” point. occurs another very 
profitable sand development known as the “21-1 Zone.” This 


4 shows a typical 
electric log point 
marker 


and low 
eastern plunge and 


years into 
the north 


the produc tive 


the southern portions of 


sand progressively pinches out and merges into shale at the 


top of the structure. Along the eastern plunge near its extrem- 
ity, the 21-1 and Upper Western Zones apparently converge 
to form one continuous producing interval. The interval previ 
main sand body has been named the 


It consists predominantly of perme 


referred to as the 
Western Zone.” 


able sands with a few relatively thin and apparently lenticular 


ously 


“Lower 


MAIN WESTERN POOL 
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FIG. 2— EAST-WEST CROSS SECTION. 


shale bodies. These shale bodies are of very little value in 
well to well correlations and are apparently so limited in 
areal extent that they have only a minor influence upon the 
vertical and lateral movements of the expanding gas cap 
About 300 acres on the crest of the structure were originalls 
vecupied by the gas cap in this zone. 


Although the slight irregularity of structural contours 
Section 32 suggests the possibility of faulting having occurred 
there is no faulting of magnitude sufficient to be discernibl 
from electric log correlations, or from cores taken below the 
top of the “Chert Zone.” However, observation of reservoi: 
pressures, productivity indices, and producing gas/oil ratios 
of wells in Section 29 suggested that a permeability barric 
trending North 60° East exists as shown in Fig. 1. This area 


has been treated as a separate portion of the reservoir and 
d 


contains its own injection well. The area has been designate 
the “Western 29 Pool.” 


The Upper Western Zone is pressure connected with the 
Lower Western Zone in a number of wells producing from 
both intervals. For this reason, the two zones, excepting the 
“Western 29 Pool,” has been considered as one pool, the 
“Main Western.” The Upper Western Zone, in its more prolifi 
area in Sections 34 and 35, is being partially pressure main 
tained with two gas injection wells. 

The 21-1 Zone is not considered to be pressure connected 
to the Main Western Zone and due to its pinching out near 
the crest of the structure, is treated as a separate reservoir 
This sand is being pressure maintained by means o 
injection wells, Gas is being injected into the original gas cap 
interval. Because of the limited sand thickness in this zone 
remedial measures employed in the Main Zone have not been 
attempted, the being to shut-in wells 
affected by the expanding gas cap. This occurs when the wells 
reach a gas/oil ratio of between 8,000 to 10,000 cu ft per bb! 
At the present time there are seven 21-1 Zone wells shut-i: 


two 


practice adversely 


because of high producing gas /oil ratios. 


Not shown on either of the cross sections is the productive 
interval developed in February, 1947, in Well CL “A” No. 68 
29. This zone, a portion of the “Lower Stevens Sand.” 


relatively insignificant productive importance, there being only 
two wells currently producing from the interval. There 
little possibility of further development, several non-commer 
cial wells having been drilled in the area. The zone has be 
named the “68-29 Pool” and is evidently limited in a 


areal extent on the crest of the structure, where permeability 


small 
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NORTH-SOUTH CROSS-SECTION. 


of the sand is sufhcient to permit commercial production, The 
productive measures are about 225 ft thick and located from 
500 ft to 550 ft below the base of the “Main Western Zone.” 
As of Oct. 1, 1951. only 169,000 bbl of oil had been produced 


from the “68-29 Pool.” 


Structural closure of the Main Western Zone is large, reach- 
ing a probable maximum of about 1,300 ft on 
Dips on the flanks are relatively steep, varying from 
6° to 22°, averaging about 16°. Dips along the axis of the 
structure are An interesting 
feature in the field is the apparent tilting of the water table. 
rhe cross sections depicted in Figs. 2 and 3 indicate the degree 
of tilting although greatly distorted by the differences in verti- 
cal and horizontal scales used. The configuration of the water 
table roughly resembles that of an inverted sauce dish, con- 
forming, in The water 
table has been found to exist at deeper penetrations on the 
northern flank and eastern nose as compared with similar 
structural western saddle and on the south 
flank. This phenomenon, while not unusual in “Stevens Sand” 
fields in the San Joaquin Valley, is believed to be the result 


the eastern 


nose 


more gentle, averaging only 6°. 


general, to structural correlations. 


locations in the 


of lenticularity and sedimentation changes in the sands and 
pronounced changes in permeability. No measurable move- 
ment of the been Limited 
development in the western end of the field has suggested 
that a combination of the higher water table and permeability 
change in the sand serve to effect a westerly closure. Thus. 


oil-water contact has observed. 


it is believed that, prior to the start of gas injection operations, 
the pools were producing under an expanding gas cap-deple- 
mechanism. The degree of depletion prior to the 


tion type 


start of gas injection was indicated by a decline of 600 psi 
in reservoir pressure while producing only seven million bbl 
of oil. Rapid pressure decline rates usually occur during the 
liquid expansion phase of the depletion cycle in an under- 


saturated pool 


RESERVOIR CHARACTERISTICS 


The “Stevens Sand” in North Coles Levee is poorly sorted. 
containing large amounts of silts and clays. There are gray. 
tight sands within the producing interval which have very 
of permeability, and are probably non- 
Sand permeabilities in all zones 
are highly from zero to 7,500 md. Nearly 
1.500 core samples have been core analyzed. The “21-1 Zone” 


low or zero values 
contributory to production 
variable 


inging 
ranging 


Sweet ws ss 





has the highest permeability, averaging about 140 md. The 
average permeability for the “Main Western Zone” is 115 md, 
and the lower main 
sand 


with the upper portion averaging 65 md 
125 md. The 


is approximately 20 per cent. 


sand averaging average porosity of the 


Although a number of wells have been cored with oil base 


mud, values of interstitial water established from analysis of 


these cores have not proven completely reliable. However, it 
can be 


is believed that an value of 40 per cent 


assumed for the more permeable sections of the main sand 


average 


with a value of 45 per cent being applied to the less perme 
work progress 
tablish accurate interstitial water the restored 
this 


able upper sands. Laboratory is currently in 


to ¢ values by 


state method 


writing 


The results of this work is not available at 


the 8.500 subsea datum 


temperature Was 


The initial reservoir 
was 3,990 psia. At 
230°F. The initial gas/oil ratio of wells producing exclusively 


from the dark oil interval averaged about 600 cu ft per bbl. 


pressure at 


this datum, the average 


\t these initial conditions of reservoir pressure, temperature, 


and gas oil ratio, the formation volume factor was indicated 


to be 1.39 bbl per barrel. Pressure-volume-temperature data 


indicated a bubble point pressure of 2,550 psia for the solu- 


tion gas oil ratio of 600 cu ft per bbl. Thus, the pool, although 


containing a was undersaturated in gas in the oil 


gas 
producing horizons. 


cap. 


Depending upen structural location and sand open to pro- 


indices ranged from 0.5 to 2.5 


duction, initial productivity 
BD per psi. One well under the most favorable completion 
conditions, had an initial index of 4.1 B/D per psi and during 
the first two years of production increased to a maximum 
of 6.25 B/D per psi. Several edge wells completed in intervals 
Upper Western Zone had initial 


indices of 0.2 B,D per psi and less. In general, however, spe- 


of low permeability sand 


Pcific indices of the earlier completed wells in the field were 
relatively uniform, varying from 0.0070 to 0.0090 B/D per psi 
per foot of sand. For the average permeability of 115 md in the 
Main Western Zone 


with data presented by Pyle and Sherborne® in 


indices correlate favorably 
1939. 


these specific 


For reservoir conditions of temperature, pressure, and gas 
reservoir fluid was about 
from 32 to 45 


trapping pressure, and 


saturation, the initial viscosity of the 


0.5 centipoise. Produced oil gravities range 


API 


producing gas/oil ratio are 


Such conditions as the season 


influencing factors in measured 
gravities. There is no condensate produc- 


North Coles 


the original gas caps in the 


individual well oil 


such in the Levee Field although it is 
that 


economit 


tion as 
various pools con 
state. It is 
anticipated that. in the final evcling operation of the field, an 


know n 


tained quantities in the retrograde 


appreciable reserve ol retrograde condensate will be 


recovered 


DEVELOPMENT HISTORY 


1946 
for excerpts on the history of development of the North Coles 
Levee Field 

The North Coles Field on Nov 
27, 1938, with the completion of Tupman Western No. 1, later 
designated CL. “A” No. 32-32, in 32 by the Richfield 
Oil Corp. The initial production rate was 3,018 B/D, 49.7 
18.000 Mef, D, 6.000 GOR from an interval of 8,406-8,677 ft 
Drilling had been stopped in this well prior to fully 


Reference is again made to the paper by Travers’ in 


Levee was discovered 


Section 


pene 
Although extensively cored. the cores were 
not until the third well, CL “A” 


that the of the 


trating the zone. 
Thus, it was 


drilled 


not analyzed 


No 12-33, was gas-oil 


position 
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lable Well Development 


POOLS 


Wel Mair 


) Field 
Westerr 


Total 


Classificatior 


Producing 86 ze d 124 
Producing and 
Injection 
Injection 
Shut-In 


Field Total 
*Ine s two <« 
pre 


and the oil-water contact was determined. These 


points were found from cores and their analysis to be at 8.255 


intertace 


ft subsea and 8,840 ft subsea respectively indicating a 585 ft 
interval of dark oil zone at this location on the structure. This 
well was subsequently completed with a liner which had the 
upper gas cap sands cemented off behind blank pipe. The 
initial production of CL “A” No. 12-33 definitely 
strated the existence of low GOR black oil production within 


demon- 


the pool 
rhe well, CL “A” 


pleted and converted tor 


No. 


thon 


later 
The 
interval contained about 110 ft of original black oil interval. 
This is the Western Zone 
injection is carried on in an appreciable interval of originally 
sand The 
vated primarily within the limits of the original gas cap. 


Subsequent to the completion of CL “A” No. 12-33, a rapid 
By the end of 1941, a total 
been completed primarily on the basic 40 


32-32, 


purposes. 


discovery was recom- 


inje injection 


only Lower well in which current 


oil saturated other four injection wells are per 


development of the field occurred 
of 69 wells had 


acre per well spacing pattern. Since then, wells have been 
drilled less rapidly and the program has consisted of develop- 
ing interspaced locations in the Main Western Zone to a 20- 
pattern. Drilling has continued in the “21-1” Zone and 
Western Zone in the eastern portion of the field 
to near complete development. The basic pattern has been to 
drill “21-1° Zone and Upper Western Zone wells on alternate 
20-acre locations. Table 


ind pool 


the Upper 


| indicates the total development. by 


well classification as of Oct. 1, 1951 


DRILLING AND COMPLETION PRACTICE 


During the early development of the field, wells within the 
areal extent of the original gas cap were completed compar- 
able to CL “A” No which 
blank sections oppositite the gas cap sands. The casing pro- 
consisted of a surface string of 13%, in.-59 or 61-lb 
casing cemented at 1,400 ft, an 85, in.-36 or 38 Ib, J-55 and 
N-80 water string cemented at the top of the desired producing 
28 Ib.. 


been 


12-33 with liners had cemented 


gram 


cemented as 
and 


J-55 lines 
described above. Perforations both 
straight round holes. Varying perforation patterns have been 
usually been kept 


interval, and a 6%% in.-26 or 


have undercut 


used. however, the total area has 


relatively constant, between six and eight per cent. 


Later in the life of the field. 
85.-in. casing failures, the casing program was changed. The 


open 


after encountering several 


surface string was changed to 11%4 in.-54 Ib, the water string 
to 7 in.-26 lb. J-55 and N-80 casing. and the liner to 5 in. o1 
514 in.-17 Ib. J-55 casing. In a few instances the 7-in. water 
ind cemented through the zone at some point 


string Was set 
below the then expanded gas-oil contact. The 5-in. perforated 


liner was then run opposite only the interval to be produced 
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This program proved to have the following disadvantages and 

was subsequently discontinued: 
The 5-in. liner would require the use of very small sleeves 
in subsequent gas/oil ratio control remedial work. While 
a special packer for setting in these sleeves is available, 
the mechanical difficulty of setting them along with the 
hazard of failure were factors against their consideration 
The dehydration of the cement behind the water string 
set through the upper gas invaded intervals was consid 
ered to have a permanent damaging effect on the sands 
which might reduce productivity in later years when they 
are re-opened to production. 
It was believed that satisfactory ultimate recoveries would 
not be realized from the cemented blank intervals which 
subsequently would have to be produced through gun 
or jet shot perforations, particularly those which origi 
nally were oil saturated. 


The current development program to insure reasonably low 
gas/oil ratio production consists of the following steps: 
1. Cement 11%4-in. surface string at + 1,100 ft. 
2. Using water base mud, drill 105,-in. hole to the original 
gas-oil interface (about 8,575 ft drilled depth) or to the 
top of the zone if estimated below the original gas-oil 
interface. Water loss of mud is to be kept to 2 to 3 cu 
centimeters in 15 after 
interval. 
Reduce to 8%-in. hole and drill to total depth, 
the last 30 ft for oil-water contact control, 
low water loss clay base or oil emulsion mud. 
4. Run electric log and select C.P. point for 
combination 7-in. water string and 6°%-in. 
liner. 
5. Cement 7-in. 


min entry into the gas cap 
coring 


using either 


running of 
perforated 


casing immediately below the original gas 
oil interface and after establishing the water shut-off, run 
tubing set on packer with a tail to bottom. Place well on 
production with a sufficiently high rate to insure removal 
of all mud from the hole. 

Run temperature surveys under shut-in conditions, after 
producing at high rate for 12-24 hours, to determine base 
of gas entry. 


7800 -"N POINT 


UPPER WESTERN 


SAND STREAKS 
= 


CY ’ 
e348~ 
4\\s osu Comtact z 


“Ae 
*| ie 
I 


9000 — oil. 
FIG. 4— TYPICAL ELECTRIC LOG SHOWING COMBINATION GAS IN 
JECTION AND PRODUCING WELL, NORTH COLES LEVEE FIELD 


——TOP MAIN SAND 


GAS INJECTION 
INTERVAL 


LOW RATIO PRODUCING 
INTERVAL 
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satisfactorily determined 
kill well with oil base mud in tubing, 
pull tubing tail above perforated interval, reset packer, 


If base of cannot be 


under (6) 


gas entry 


abov e, 


and return well to production. 
under simulated casing flow 
conditions to determine base of gas entry. 


Kill 
packer. 


Run temperature surveys 


well with ofl base mud and remove tubing and 


. Cement one or two 5%-in 


(This 


sleeves as required in the 


6%x-in. liner cementing practice is described in 
detail in subsequent paragraphs.) 

Rerun tubing with packer and tail to bottom. Set packer 
\ pill of 


oil base mud is left over the packer within the perforated 
interval sleeved off, the remainder of the annulus column 


in upper sleeve and place well on production. 


Is lease oil 
his program overcomes most of the objections to the ear- 
Most of the earlier wells 
low water loss clay base mud. The 


lier development 
drilled with a reasonably 


practices, were 
calls for the use of either a chemi- 
cally treated low water loss clay base or an oil emulsion mud 
This will permit the obtainment 
of an electric log for maximum control in selecting casing and 


current practice, however, 


in drilling through the zone. 


sleeve cementing points and oil-water contact determinations. 
All subsequent operations in the hole are conducted with oil 
base mud protecting the producing interval. 

Improvements in drilling equipment and techniques have 
resulted in dec drilling time per well from an 
between 60 and 75 days in 1940-4] to a current aver- 


easing the 
average 
age between 37 and 45 days. There are no unusual problems 
drilling of the wells although about one- 
third of the total drilling time is consumed in drilling through 
the 500 ft of “Chert Zone” “Stevens Sand.” The 
average well drilling cost $125,000 to $140,000. 
Wells prior to completion or 
wells drilled near the edge of the field with greater penetra- 
tions range in cost from $140,000 to $160,000. A recently com- 
pleted Main Western Zone well required a total 
expenditure of only $125,000 whereas a second well, completed 
“21-1 Zone and pro- 
in a manner similar to 
had a development cost of about 


encountered in the 


overlying the 
ranges from 


requiring sleeves in the liners 


injection 


for the dual purpose of injecting in the 
ducing from the Main Western Zone 
the illustration in Fig. 4, 
$195,000. 

There 
surface 
built necessary 
to elevate . and roads on earth 
fills. This necessitated the placement of several million yards 
of dirt. All pipe line systems parallel the roads which have 
been located in a uniform pattern diagonally across the sec- 
tions; are kept on the surface 
and laid on racks to minimize corrosion difficulties. 
a total of 18 tank farms in the field. Each well has its own 
high pressure trap through which both oil and gas are metered 
daily. 


was one unusual expense encountered in the original 
layout of equipment. Until such time as levees were 
Kern River water, it was 
tank farm sites 


to control flow of 
well locations, 


all pipe lines, 


Ww here possible, 


There are 


The oil is commingled in the second stage low pressure 
four 1,000 bbl tanks. 
The oil is then transported through the field gathering system 


separators from whence it is stored 


to the de-propanizing plant where the crude is stabilized prior 
line to the Richfield Oil Corp.'s 


to shipment through pipe 
Watson in 
low pressure, 


refinery at Wilmington, Calif. All high pressure, 
and vapor recovery gas is handled through an 
rated capacity of 67 MMcf/D. This 
cent of the isobutane, 98 per cent of 
up to 80 per cent of the propane, and all 
natural gasoline under the present plant load conditions. The 
residue dry gas is then compressed and returned to the 


absorption plant with a 
plant recovers 97 per 
the normal butane, 


formation. 
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FIG. 5— POOL PERFORMANCE, MAIN WESTERN ZONE 


On Oct. 1, 1951, with one well drilling, there remained a 
total of 22 undrilled locations in the North Coles Levee Field 
Current development plans anticipate the drilling of these 


wells during the next three and one-half vears. 


PRODUCTION HISTORY AND POOL 
PERFORMANCE 

the life of the field was 

extent ver 


Expansion of the gas cap early in 


observed; however, the means to determine its 


tically in the producing zone had not as yet been developed 
The practice was to shut-in wells originally completed with 
gas cap sand open in them and this applied also to wells into 
which the gas cap had expanded. As previously stated, the 
early practice was to include all oil sand from 20 ft to 50 f 
below the gas-oil interface in perforated intervals of the liner- 
During the first four years, the field was produced in the con 


ventional manner. With high gas/oil ratio wells shut-in, the 


pool allotments were distributed among the individual wells 


on the basis of a formula designed to prevent pressure sinks 
from developing in the dark oil belt which might promote 
premature coning of gas cap gas or possible upward movement 
of edgewater in wells drilled to a depth close to the wate: 
table. In general, the formula included factors for static pre- 
sure, productivity index, gas/oil ratio, and during the earlier 
development period, a well spacing factor. Whenever possible 
the producing bottom hole pressure of the wells were main 


bubble 


Uniform control of pressure and the prevention of oil migra- 


tained above the point pressure 
tion in the early producing history of the pools was important 
because of lease arrangements with different rovalty commit 


field controlled — by 
and 


Was one operator 


Kern 
injection program, it 
Thus. 
a consolidation of the leases 
Undoubtedly, this for 


tuitous factor of having one operator and one landowner in 


ments although the 
Ric hfield Oil 
Land Co. Prior to 
was that 
negotiations with the landowner 


one landowner. the County 


Corp.. 
commencing a gas 


essential this barrier be overcome. through 


was affected under a common royalty 


the field working together in cooperative unitization has pre 


vented economic waste of reservoir energy and resultant los 


of ultimate recovery such as often occurs under violent com 


petitive conditions 

By the end of 1941, after the Main Western Pool had been 
reasonably well delineated. an intensive study was made to 
ascertain the most desirable and economic method of produc 
tion control to follow in this relatively deep, low permeability 


reservoir. Previous experience with gas injection in California 
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fields was limited to pools in which gas nad been returned 
substantial depletion and pressure decline had taken 
plac fhe earlier histories of these fields had indicated lack 
of complete production control with resultant disastrous eco- 
nomic losses. It was, thus, necessary to rely on the experience 
of Gulf Coast area operations which, at that time, were still 
in their infancy. However, a field inspection of several opera- 
tions their initial results indicated that the 
economics of injecting gas early in the depletion cycle of a 


after 


and a study of 


pool were attractive and realistic. 

Plans were then made to inject all of the residue dry gas 
into the Main Western Zone, and because of its greater history. 
the remainder of this paper will deal primarily with that 
project. Although gas injection is currently being carried on 
in all pools with the exception of the “68-29.” the Main West- 
ern injection is the most important and the one in which the 
principle effort is being made to increase the ultimate 
recovery 

The 
horsepower 
plant was designed for accomplishing not only the return of 
all the residue dry gas to the formation but also a sufficient 
derived primarily from the shallow 


initial compressor installation consisted of six 600 


machines, or a total of 3,600 horsepower. This 


volume of make-up gas 
dry gas wells developed in the area. to affect a complete 
maintenance of pressure in the pool. The injection plant's 
rated capacity was 31 MMcf/D at a maximum delivery pres- 
sure of 3.400 psia The first gas injected in the pool eccurre | 
on Noy. 19, 1942. By January, 1943, a complete volumetric 
balance of withdrawal and injection was attained. Injection 
efficiency has been maintained very close to 100 per cent since 
then. As is evident in Fig. 5, depicting the pool performance. 
the total gas injected during nearly a nine-year period has 
been in excess of the pool wet gas production rate, except for 
a short period of time in 1951, when the decision was made 
to make the third addition to the injection plant facilities. 
Because of the favorable reaction of the Main Western Pool 
desirability of accomplishing similar 
results in the other pools was considered economically attrac- 
tive. Accordingly. in late 1947, four additional machines were 
installed bringing the plant total to ten units rated at 6,000 
horsepower with an injection capacity of 52 MMcf/D. At that 
time. injection northern flank and 
eastern nose development in the “21-1” Zone and the Upper 
Western Zone portion of the Main Pool. Additional gas. from 
other sources, primarily under control of Richfield Oil Corp.. 
was made available to carry on this added injection program 
rhe second addition to the compressor plant did not provide 
adequate capacity to balance withdrawals in the other zone- 
Thus, early in 1951, after the company had developed an 
additional source of supply. steps were taken to accomplish 
end. In September of 1951, four additional 660 horse- 
units were placed into operation. The total current 
have a rating of 8.640 horsepower and a 
capacity of 75 MMcf/D at a 
Present operations are accomplishing a balance 


injection, the 


to gas 


was commenced in- the 


this 
power! 
installed facilities 
volume delivery pressure of 
3.400 psia 
of withdrawals in all pools with over-injection occurring in 
the “21-1° and Lower Main Western Pools. Over-injection in 
the Lower Main Western Pool is. at least temporarily, advis- 
able in under-injection that occurred during the 
first eight 195] 
adequate to meet the required needs. Over-injection in the 
“21-1” Zone has been considered advantageous in that. at the 


view of the 


months of when injection capacity was not 


start of gas injection, the reservoir pressure had declined to 
very near the bubble point pressure. 
As indicated by the cross sections, Figs. 2 and 3, the ga- 


cap has expanded in a 
Three 


cross sections, namely. original. 


rather uniform lateral. as well a- 


positions of the gas-oil interface 


1944-45 


downward, pattern 


are shown on the 
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and present. Near the crest of the structure the interface 
appears to be nearly level and currently is found at about the 
8,500-ft subsea level. There is tendency for the gas to migrate 
stratigraphically in all lateral directions. Thus, the interface 
is found progressively lower, although not excessively so, in 
some of the down-structure wells. This results in an “inverted 
sauce dish” appearance of the gas-oil interface. Expansion of 
the gas cap in this manner has necessitated remedial measures 
to control entry of gas in wells which had not been efficient!) 
gas swept throughout their entire oil producing intervals. lL 
the early stages of gas injection, with limited compressor 
capacity, extreme caution was exercised. Remedial work wa- 
performed on wells when gas/oil ratios had reached between 
4.000 and 5,000 cu ft per bbl. During more recent years 
gas/oil ratios have been allowed to climb to more than twice 
the former values, thus insuring a maximum sweeping of the 
invaded interval. Obviously, this practice has to be kept within 
the bounds of the compressor plant capacity. Experience has 
proven that the performance of four or five remedial jobs per 
year will keep the pool gas withdrawal within this limitation 
and maintain the desired balance of withdrawal. Under the 
control of gas injection, it has been possible, with but minor 
alteration, to continue the use of the allocation formula pré 
viously described in determining the maximum efficient rate 
for each individual well. It has been possible to maintain the 
condition whereby no well is allowed a producing pressure 
at the mid-point of the zone less than bubble point. This has 
prevented the release of solution gas from the oil and has 
thus kept the effective relative permeability to entry of the 
oil into the well bores preferentially at a maximum. Herein 
lies the major influences in the continued success of the gas 
injection project. 

Injection in the lower portion of the Main Western Zone 
is currently carried on through five wells located on the crest 
of the structure. By means of these wells, a total of 105,230,090 
Mcf of gas have been returned to the formation. The current 
injection rate into these wells is 59.500 Mcf/D or about 
10,000 Mef/D per well. It has been observed that, on a mass 
basis, injectivity indices of wells which formerly had been 
produced, are about three times greater than the gross mass 
productivity indices. 

In all pools, a total of 116,725,000 Mef of gas had been 
returned to the formation as of Oct. 1, 1951. As of that date 
the oil recovery from the field stood at 59,600,000 bbl with 
49,300,000 bbl of this total having been produced from the 
Main Western Pool. The cumulative produced gas/oil ratio 
of the Main Western Pool is 1,960 cu ft per bbl with an 
actual current average of 3,650 cu ft per bbl. The performance 
curve of the pool, Fig. 6, indicates a gradual but steady in 
crease in produced gas/oil ratio. The uniformity of the trend 
reflects the strictness that has been exercised in the production 
control. The water produced is of negligible proportions, being 
slightly more than 1,000,000 bbl. 

Of significant importance in the performance of the pools 
under pressure maintenance operations is the fact that, during 
the 13 years since discovery, it has been necessary to place 
only six wells on the pump. One well is producing on gas lift 
ten wells have had plunger lifts installed. only one of which 
has required an auxiliary gas supply, the others operating 
“free wheeling” on the wells’ produced gas. The remainder 
of the wells are still flowing. Thus, large capital investment in 
expensive pumping equipment installations has been avoided 
and lifting costs have been kept to a minimum. currently aver 
aging between $0.35 and $0.40 per bbl inclusive of insurance 
and taxes. During the past five years, the field oil production 
rate has been maintained nearly constant at 17.000 B/D 
Without the aid of gas injection, there appears to be con 
siderable doubt that this rate could have been maintained 
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On the other hand, there is evidence te point to the fact that 
a sharply declining rate would have been experienced. It is 
also safe to surmise that artificial lifting equipment would 
have been installed in many more wells than at the present 
time had the depletion type mechanism been allowed to con- 
tinue its patterned course prior to commencing gas injection. 
It is now anticipated that the majority of the wells can be 
economically flowed to final depletion. 


DEVELOPMENT AND USE OF THE 
TEMPERATURE SURVEY 


The temperature bomb has been a most useful tool in 
depicting cooling anomalies in wells which have been invaded 
by the expanding gas cap. Depending upon the mechanical 
arrangement of equipment in the well at the time a tempera- 
ture survey is run, a very accurate measurement of the interval 
of gas entry is possible from a study of the cooling anomalies. 
Most of the methods currently used by Richfield Oil Corp. 
engineers were evolved by the late E. A. Gray. 

Che initial completion practice followed did not include 
setting of the tubing on a packer. Thus, it was possible to 
flow the wells through the casing. Although the temperature 
survey was conducted in the tubing, which in all cases was 
run to within 30 ft of bottom, it was found that a very accu- 
rate delineation of the base of the gas entry was obtained, 
with a 1° to 3°F cooling anomaly occurring at that point. The 
upper limit of the gas entry was determined by means of suc- 
cessive static temperature surveys run after the masking effects 
of the flow were dissipated. Surprising as it may seem, the 
cooling anomalies continued to exist in many cases after the 
well had remained shut-in for periods as long as 48 hours. 
Without packers in the hole, a forewarning of impending 
gas invasion in wells was indicated by a rather sudden and 
sharp increase in casing pressure. 

Starting in February. 1944, two events occurred which made 
it no longer possible to obtain temperature anomalies by 
means of casing flow surveys. 

The first event occurred on Feb. 3, 1944. CL “A” No. 61-33 
developed a leak in the 8% ,-in. casing. The pressure dropped to 
zero on the tubing and built up toe 1.600 psi between the 
8°. and 13%,-in. casing strings. This pressure on the 13%,-in. 
casing caused a leak to develop through a faulty weld at a 
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FIG. 6— TEMPERATURE SURVEY PRIOR TO REMEDIAL WORK, CASING 
FLOW WITH DOUBLE GAS ENTRY, WELL “A 
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depth of about 50 ft. After this occurred, gas and oil started 
flowing out of the ground at several points in a 100-ft radius 
around surface location of the well. The pressure acting on 
the conductor pipe caused the entire concrete well cellar and 
mat to be raised and turned to one side. This movement caused 
the release of the 8% ,-in. casing landing slips and the pipe 
necked down to 8 in. in diameter but did not part. The entire 
area around the well cellar cratered and the well flowed 
about 4,000 B/D around the casing landing head. A high line 
was rigged across the area and an employee rode a cart out 
to the tubing head and connected a cementing hose. The well 
was finally killed with water and subsequently was plugged 
with cement and abandoned. 


Ihe second event occurred in April, 1944. A static pressure 
survey in CL “A” No. 36-32, recorded on April 13, 1944. 
indicated an abnormal rate of pressure decline. This condition 
indicated that a leak had developed in the 8°x-in. casing and 
that a considerable flow of oil and gas was occurring through 
the leak under the supposed static condition in the zone below. 
\ subsequent temperature survey isolated a cooling anomaly in 
the interval 1,500-1,700 ft. 


No. 61-33. still 


36-32 was then hastily 


With the experience at CL “A” fresh in 
No. killed 


with mud and, after confirming a break in the 85,-in. casing 


everyone's mind, CL “A” 


at 1,606 ft, a full string of 6°,-in. casing was run and cemented 
inside of the 8°,-in. casing. The well was then returned to 
production. Due to the probable large amount of oil and gas 
which had escaped into the shallow sand at the point of casing 
failure, a relief well, CL “A” No. 136-32, was drilled. After 
recovering some oil and gas from the well, CL “A” No. 
36-32 was successfully recompleted. and the relief well was 
abandoned. 


lo prevent further occurrences of this nature, all subsequent 
wells were completed with 7-in. water strings and a program 
was immediately instituted to equip all producing wells with 
tubing packers. A gel mud was used to fill the annulus above 
the packer. In nearly all cases a set-down type packer was 
used with the setting point on the top of the liner. In later 
remedial operations, when the necessity for gas/oil 
control developed, necessitating the removal of the packer. 
considerable difficulty was experienced in doing so. This type 
of packer has since been replaced with the hook-wall type 


ratio 


\ system of periodically checking individual well casing pres 
sures has been faithfully followed for the purpose of detecting 
possible packer failures which might again expose the water 








FIG. 7 — TEMPERATURE SURVEY, SHOWING FAILURE OF UPPER C. P 
JOB, WELL “A 
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string to the high zone pressure. There have been no further 
casing failures since the packers were installed. 

It was then necessary to develop another means of obtaining 
temperature anomalies for use in gas/oil ratio control reme- 
dial work. The problem was rendered quite difficult because 
of the tubing being tailed to bottom. The counterflow of oil 
and free gas between the annulus down to its entry into the 
tubing near the bottom of the hole served to effectively mask 
out anomalies which might have 
tubing flowing conditions. It 


any temperature been 


recorded in the under soon 


became evident that tubing flow surveys under these conditions 
were practically useless. Perforating of the tubing immediately 
below the packer did not render satisfactory results as produc- 


tion still appeared to enter preferentially at the bottom of the 
tubing. Other possibilities considered were: (1) The killing 
of the well and removing of the tubing tail to simulate casing 
flow, and (2) the removal of the packer to permit casing 
flow again. Obviously these procedures were undesirable due to 
the frequency that temperature surveys are made, not only 
for remedial work but to secure data in determining the extent 
of gas cap expansion. It was thus desirable to evolve a method 
whereby these periodic temperature surveys could be contin- 
ued without altering the mechanical status of the well. Gray 
found that good anomalies were obtained on successive static 
rate. These surveys are usually 
conducted continuously over a period of 24 hours. The cooling 


surveys following a high flow 


anomaly tends to disappear with time and the indicated lower 
limit of the free gas entry will move upward for a period of 
time as the masking effects are dissipated. 

it is found that the masking effect of flow, 
during the time that the cooling anomaly becomes completely 
still 


the gas entry 


Occasionally 
clear delineation of the base of 
his occurs usually in high productivity index 
wells with a relatively low producing drawdown of pressure. 


dissipated prevents a 


If satisfactory correlation on cross sections with other wells 
does not serve to clarify the position of the gas entry base, 
then, as a part of the remedial work performed, the well is 
killed the tubing tail is removed; and 
the well is then returned to production with a hook wall 
packer set above the liner top. Temperature data is then ob- 
tained flow conditions 
is usually obtained. 

The equipment used is a standard Amerada recorder with 
a three-hour clock and a 100-300°F range temperature ele- 


with oil base mud; 


under simulated and a very 


casing 


accurate base of gas entry 


It has been found that white coated charts give the best 
Stops identifiable on these charts as a 
heavier line is drawn by the gold stylus while moving down 
the hole. The usual practice is to establish the normal static 
temperature gradient above the producing interval with sev- 
eral stops spaced 100 ft apart. As the perforated interval is 
reached, the stops are decreased to a spacing of 15 ft. Three 


ment 


results. are easily 


minute stops are easily discernible on the charts. On successive 
alternately raised or lowered 5 ft to 
gain detail and sharpness of breaks or gradient change. Be- 


tween 30 and 40 stops can be made within the time limitation 


static runs, stops are 


of the clock. Temperatures are read from calibration curves 
to the nearest 0.05°F. Actual values of temperatures are unim- 
portant; it is the change in temperature that eccurs which 
serves as the basis for discovery of an anomaly. A plot of the 
data vs depth should be made to a scale of 1 in. equal to 1°F 
Quite overlooked when smaller 


small anomalies 


\ satisfactory method of study and presenta- 


olten are 


scales are used. 
tion of data is illustrated by the surveys shown on Figs. 6, 7. 
9 and 10 described in ensuing paragraphs. 

Obtainment of clear and sharply defined anomalies are not 
always readily predictable. In general. the degree of the anom- 
aly varies directly with drawdown and volume of gas entry. 
hest anomalies have been observed in 


However. some of the 
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cases where producing conditions were adverse, with a smal! 
rate of production and a gas/oil ratio less than 2.000 cu ft 
per bbl. 


REMEDIAL WORK AND GAS/OIL RATIO 
CONTROL 


From the outset of gas injection, it was anticipated that 
problems would be encountered with the control of the expand 
ing gas cap. It was imperative that an inexpensive, simple 
method of control be developed to justify economically and 
insure the success of the project. 

The first method of control was the conventional practice 
of shutting in high gas/oil ratio wells. By April, 1942. six 
wells with gas/oil ratios above 2.000 cu ft per bbl had beer 
shut-in. Some of these wells, which had been completed wit 
the gas cap interval open, were later converted for injectior 
purposes. With the knowledge that the gas cap was underlai: 
by a dark oil belt. it soon became evident that the loss of 
producing wells in the heart of the field could not be cor 
tinued and still accomplish the objectives of the gas injection 
program. One of the first wells converted for gas injection 
contained a perforated interval which extended a considerabl 
distance into the dark oil belt. Injection of gas into sand 
originally oil saturated was subsequently recognized as a 
mistake. Injection in this well was then stopped and it was 
deepened and recompleted with a new liner which was C.P.d 
through the gas cap interval. 

Necessary also in the initial stage of gas injection, was the 
prevention of secondary injection in oil sand in the shut-in 
wells which were perforated in both gas cap and oil sand 
intervals. The remedial jobs performed on these wells led to 
the initial phases of gas/oil ratio control work. Gas entry 
points were determined from casing flow temperature survey 

In some of the wells, original liners contained blank section 
usually 40 ft in length. which had been provided opposit 
impermeable sand or shale with the thought that they might 
be cemented at a later date for purposes of gas/oil ratio con 
trol. In those cases where blank sections had been properly 
located, control of gas/oil ratio in this manner was possibl: 
A total of eight wells were recompleted by cementing blank 
sections. Considerable dificulty was experienced in obtainin 
an effective cement job which always was given a severe 3.500 
psi differential pressure test prior to acceptance. One or mor 
jobs were usually necessary and an average of two, for all 
jobs performed, were required, The average cost of this work 
was $20,000 per well. 

While yielding reasonably satisfactory results without ex 
cessive cost, cementing of blank sections in the liners w 
possible only in the cases where they had been fortuitously 
placed. As might be expected, there were some wells in whic! 
blank sections were not located at the correct point for proper 
control of gas migration. In four of these cases, the liner: 
were pulled after determining the intervals of gas entry 
new liners were run and C.P.d at more favorable depth- 
Unfortunately, however, excessive costs encountered in the 
pulling of the old liner necessitated abandonment of this 
procedure. The average cost of these jobs was about $70,000 
with one job costing in excess of $100,000. 

Figs. 6. 7 and 8 illustrate temperature surveys. difficulties 
encountered, and results of Well “A” in which the original 
liner was pulled and replaced with one which had more favor 
ably lecated cemented blank sections. Fig. 6 also depicts a 
casing flow temperature survey which disclosed a double entry 
of gas. Subsequent static surveys. while not delineating a 
sharp base of entry. proved the upper entry to be of major 
importance. whereas the dissipation of the lower anomaly 
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FIG. 8 — PERFORMANCE OF WELL “A.” 


indicated that it was of minor importance. Fig. 7 shows the 
condition of the well subsequent to remedial work and illus- 
trates the use of the temperature survey in proving the failure 
of a C.P.d blank section in the liner. The performance curve 
of Well “A” indicates the remarkable change in GOR follow- 
ing recompletion of the werk 

Che difficulty experienced in pulling of original liners nec- 
essitated consideration of a method whereby an _ effective 
cement job could be performed in a perforated interval with- 
out removing the liner. Needless to say. by this time. many 
wells had been completed with liners C.P..d through the gas 
cap interval which could not be pulled, either practically or 
economically. This led to the current practice of cementing 
40 ft sleeves within the perforated interval of the existing 
liner. This method and the cementing tools developed for this 
work are described in detail by Travers” paper and will only 
be briefed here. When first successfully tried, the cost was 
comparable to those involved with cementing blank sections. 
With the rise in labor and material costs that occurred after 
World War II, current expenditures vary between $30,000 and 
$40.000. dependent upon the cementing of either one or two 
sleeves 

Briefly described. the sleeve method first involves killing 
of the well with oil base mud. The earlier wells were killed 
with water, but this proved undesirable. The mud. in the 
interval to be sleeved off is then changed to low water loss 
clay base type and a 60 ft interval is then thoroughly pressure 
washed. If the interval to be “scabbed” with cement contains 
a blank section of pipe. it is gun perforated prior to washing 
The same tool used in the washing of the liner is then lowered 
down the hole. usually preceded with some water. The oil 
base mud left in the lower portion of the hole protects the 
interval to be subsequently produced and has proved very 
effective in preventing the settling of cement below the desired 
point. The washing and cementing tool has a bypass collar. 
located at the cement equalization point, which permits the 
use of rubber plugs in front of and behind the cement to 
prevent contamination as well as control of its position during 
placement. The secret of a successful “scabbing” and “plug- 
ging” job is the certainty that, while the cementing tool is 
lowly moved upward, the volume of cement being displaced 
is two to three times greater than the annulus being filled. 
\ll of the cement should be displaced at the time the tool 
reaches the top of the “scabbed” interval. The cement, after 
setting for 24 hours. is then drilled out and the liner is scraped 
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FIG. 9 — COMPARISON OF TEMPERATURE SURVEYS WITH AND WITH 
OUT TUBING TAILS, WELL ‘’B.” 


10 ft above the bottom of the cement bridge. A 
close fitting 544-in. O.D., Grade “A” 
run and landed on the cement bridge, and cemented through 
tubing with a thin cement slurry. Soft steel is used in the 


to a& point 


soft steel sleeve is then 


sleeve to enable its removal by milling later on should it be 
advisable to lower the GOR control point in the well. The 
sleeve is then given a 3.500 psi differential pressure test with 
a formation tester. If successful. the hole is then cleaned out 
to bottom and tubing is run and set on a hook wall packer 
placed in the 5'o-in. sleeve. The well is then returned to a 
production status. Oil base mud is left opposite the perfora- 
tions thus sleeved off to safeguard against the possibility of 
high pressures developing on the water string. The upper por- 
tion of the fluid in the annulus is lease oil. 

If sufficient production interval remains below the expanded 
gas-oil contact when a double gas entry is encountered, it has 
been the recent practice to place two sleeves in the liner. The 
cost of the additional sleeve is only $8,000 to $10,000. Thus, in 
these cases the expense of milling sleeves probably will be 
avoided and future control will consist merely of lowering the 
packer and setting in the lower sleeve. Two sleeves are placed 
essentially the same as one, the only difference being that 
the producing zone between them necessarily cannot be af- 
forded the same protection with oil base mud as the interval 
below the lower sleeve. Experience has proven that it is very 
difficult to “scab” cement job in the 
presence of oil base mud. 


obtain a successful 

Eight wells have had single sleeves successfully installed 
and seven wells have been equipped with two sleeves since 
1945. Considering all types of jobs, a total of 27 remedial 
jobs have been performed. In only one case has it been neces- 
sary to mill up a sleeve. Apparently it had been located oppo- 
site a section of tracked which had not 
accurately logged. The sleeve was milled up in 36 hours 


side hole been 
with two mills and another sleeve was successfully cemented 
at a lower depth. In one other instance. the sleeve was set 
too close to the gas-oil contact. This had been done purposely 
to determine the minimum lead required to obtain satisfactory 
reduction in GOR. Fortunately 
installed. When it became evident that the entire gas entry 
had not been controlled, the packer was lowered to the second 
sleeve and well was returned to produce with a normal GOR 
This well appears at the intersection point of the East-West 


and North-South cross sections illustrated in Figs. 2 and 3. 


a second low sleeve had been 


The earlier practice, in sleeve jobs, had been to lead the then 


determined gas-oil interface by a substantial margin. How 
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FIG. 10— TEMPERATURE SURVEY, 
DOUBLE SLEEVE JOB, WELL ‘’B.” 


FOLLOWING REMEDIAL WORK — 


ever, with the interface continuing to move downward in the 


zone, current remedial jobs are requiring that sleeves be 
placed very carefully to insure efficient sweeping and drainage 
of the 


structurally 


upper gas invaded sands, particularly in the lower 
located 

lhis 
recompletion GOR’s can be anticipated. In any event, it is 
that under 
the most favorable of conditions and experience so far has 
indicated that should be lead by 
at least the length of the sleeve to be safe. In 12 wells, during 


wells which are the last outposts for 


recovery of oil closer control has meant that higher 


essential temperature anomaly data be obtained 


the base of the gas entry 
the course of remedial work, the holes were deepened to 
within a very few feet of the water table. In this manner, los: 
of productivity in the upper sands was regained by the addi- 
a more efficient drainage of 


tion of the lower interval and 


the lowermost portion of the zone could ultimately be realized. 


\ series of purposely low CPH wells serve as key observa- 
tion posts to be certain that abnormal pressure sinks are not 
developed in the lower sands and that an average differential 
pressure of between 100 and 150 psi is maintained between 
the expanding gas cap and the dark oil belt intervals. These 
wells have definitely proven that injection in the original gas 
cap interval has been effective in transmitting a maintenance 
of pressure to the low GOR producing sands. 

Fig. 9 illustrates the difficulty that is sometimes experienced 
in picking accurate gas entry bases where such entries are 
multiple and closely spaced. Static surveys were first made in 
Well “B” under the existing hole condition with the tubing 
tailed to bottom. Two entries were indicated but their bases 
were questionable. Even after the tubing tail was removed. 
and simulated casing flow surveys were made, the delineation 
was felt that the second 
but it cer- 
flow 


satisfactory. It 
indicated a higher base of the lower entry 
too definitely depicted. A subsequent 
meter survey and temperature surveys, both the surface rec- 


was not completely 
survey 
tainly was not 


ording hesitation and continuous recording types, were con- 


ducted by service companies and appeared to confirm the 
Amerada bomb under simulated casing flow 


findings of the 
conditions. Two sleeves were placed in the liner as shown in 
Fig. 10 and the well was recompleted with the packer set 
in the upper sleeve and a tubing tail to the top of the “boot- 
leg” liner had after the 
deepened 100 ft. The recompletion, as 


installed well was 
GOR 


well’s performance curve depicted in Fig. 11. 


whic h been 


initial after 
shown by the 


was 1.700 eu ft per bbl and has since increased to and leveled 
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FIG. 11 — PERFORMANCE OF WELL “B.” 


off at about 3,500 cu ft per bbl. The static pressure curve 
of the well illustrates that direct communication with the gas 
cap is still in progress. The temperature survey made follow 
ing remedial work and shown on Fig. 10 confirms the minor 
gas entry as was evident on the earlier surveys, however 
masking of the anomaly is much less pronounced. 


THE FIELD’S NATURE 

After the injected gas-oil contact and oil-water interfac« 
become nearly coincidental, the current operation probably 
will be converted to a mechanism of gas cycling in the reser 
voir. Cycling, necessarily, will be carried on at relatively high 
producing GOR’s but at constant pressure insofar as a supply 
of make-up gas is available. It is possible that other pools in 
the field will be allowed to follow a gas expansion-depletion 
mechanism concurrently with a cycling project in the Main 
Western Pool which contains the major reserve in the field 
These pools can then supply the make-up gas required in 
the event outside sources are not available. The sleeves placed 
in the liners undoubtedly will be utilized again in this opera 
tion. It may be necessary to inject gas in the lower measures 
of the zone and effect cycling concurrently with the upper 
intervals to bring the project to an economic successful 
conclusion. 


It is visualized that complete depletion to the threshold 
pressure will follow the cycling operation. There are many 
low permeability sands in the zone which never can be eco 
nomically gas swept. They will not give up their appreciable 
reserve until the depletion of pressure in the final stages takes 
place. Following the depletion mechanism, it is not unrealistic 
that, as scientific and engineering techniques progress, addi 
tional means to increase the ultimate recovery from the pool 
can, at that time, be employed. Certainly the reservoir will 
offer an excellent possibility for the conservation and storage 
of natural gas or liquefied petroleum gases to take advantage 
of seasonal price changes as the supply and demand for these 
products fluctuate. 


SUMMARY AND CONCLUSIONS 


With a background of nearly nine years’ history, statements 
regarding the economics of pressure maintenance, which in 
the initial stages, to the casual observer, may have seemed 
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nebulous, can now be made with an assurance of realism. If 
the expanding gas cap-depletion type mechanism had been 
allowed to continue, it is safe to predict that the ultimate 
recovery from the North Coles Levee Field would have been 
less than 100 bbl per acre-ft, even with a strict production 
control made possible by the unitized operation with one 
operator and landowner. It is felt that ultimate recovery may 
now be nearly twice this figure, with a good gamble of being 
even greater. Materials balance calculations in the gas swept 
area offer adequate proof of this statement. The appreciated 
value of the gas stored in the project has more than offset 
the remedial, injection well, and gas compression costs accu- 
mulated up to the present time. This gas, when finally removed 
from the reservoir, will be worth even more than the current 
value of 14 cents per Mcf. Not considered in the above state- 
ment is the cost of pumping equipment which would have been 
required without pressure maintenance. 

In conclusion, the following reasons are offered in support 
of the successful pressure maintenance program in the Main 
Western Pool of the North Coles Levee Field: 

1. Early gas injection before the pool pressure was allowed 

to decline below the bubble point. 


2. Strict production control with an allocation formula 


which prevents pressure sinks from developing; also 
limits individual well rates to those possible with sub- 
surface producing pressures in excess of bubble point. 


3. Fortuitous circumstances of having a unitized operation 
under control of a single operator and landowner. 

1. In spite of relatively low sand permeability, individual 
well productivity indices are sufficiently high to permit 
a wide range of production rates with relatively small 
drawdown of pressure. 

5. Gas injection confined to the measures of the original 
gas cap. 

6. An effective method of gas/oil ratio control at relatively 
moderate expense. 

7. A reservoir of rather large closure uncomplicated by 
faulting which has contributed to the ability to maintain 
the operation as a gravitational segregation project rather 
than one of gas drive. 

8. Availability of a large supply of make-up gas with which 
a complete maintenance of pressure could be realized. 


ACKNOWLEDGMENT 


The writer is indebted to the Richfield Oil Corp. for grant- 
ing permission to publish this paper. Particular thanks is 
directed to members of the writer’s engineering and drafting 
staff for their assistance in preparing the paper, and to W. J. 
rravers, Jr. and F. T. Lloyd for use of material previously 
published in their papers. 


REFERENCES 

1. Travers, W. J., Jr.: “North Coles Levee Pressure Mainte- 
nance Project — Control of Gas Expansion,” American Pe- 
troleum Institute, Los Angeles, Calif., Meeting, (April, 
1946). The above paper was reorganized, brought up to 
date, and published in the October, 1951, issue of the 
Petroleum Engineer, Page B-92, under the title of “Pro- 
duction History of Main Western Pool - North Coles Levee 
Field.” F. T. Lloyd co-authored this paper with W. J. 
Travers, Jr. 

2. Pyle, H. C., and Sherborne, J. 
AIME, (1939) 132, 33 


E.: “Core Analysis,” Trans. 
~*~ * * 


SECTION FT 6. ss 








Professional Services 


This space available only to AIME members. Rates upon request 








AMSTUTZ AND YATES, INC. 


Petroleum Engineers and Geologists 
Estimates of Oil & Gas Reserves 
Property Valuations, Reservoir Analyses 
Geologic Investigations 


406 KFH BLDG., WICHITA 2, KANS 


FITTING & JONES 


Engineering and Geological Consultants 


Petroleum Natural Gas 


Box 1637 


223 S. Big Spring St. Midland, Texas 


ERNEST K. PARKS 
CONSULTING PETROLEUM ENGINEER 
Planning, Direction and Examination of 

Oilfield Operations, Estimates of Oil and 
Gas Reserves, Oil Property Valuation 
614 S. HOPE STREET, LOS ANGELES 17, CALIF. 
Telephone: VanDyke 4659 








E. A. WAHLSTROM BURTON ATKINSON 
PETROLEUM CONSULTANTS 
Engineering - Geology 
MIDLAND, TEXAS 


130 Central Building Phone 4-8037 








BERGER AND PISHNY 
Consulting Geologists and Engineers 
901 Commercial Standard Bldg. 
Fort Worth 2, Texas 


Walter R. Berger Chas. H. Pishny 


ROBERT D. FITTING 
Petroleum Consultant 
Engineering and Geology 
MIDLAND, TEXAS 
202 West Building Phone: 4-4922 





HARRY H. POWER 
PETROLEUM AND VALUATION ENGINEER 
Box 1542 University Station 

Austin, Texas 




















JOHN G. CAMPBELL 


Consulting and Petroleum Chemist 
Podbielniak and Charcoal Analyses 
Waters - Oil Field Brines 
Field Sampling 
CORPUS CHRIST! INGLESIDE, TEXAS 


MICHEL T. HALBOUTY 
CONSULTING GEOLOGIST 
AND PETROLEUM ENGINEER 


Shell Building 


Houston 2, Texas Phone PR-6376 


E. E. REHN 
Consulting Petroleum Geologist 


Oil Exploration 
Wood Building, 624 Locust Street 


EVANSVILLE, INDIANA 














RICHARD V. HUGHES 
Secondary Recovery of Oil 
Mining Building Stanford University 
Stanford, California 














CHEMICAL & GEOLOGICAL 
LABORATORIES 
Consultants - Investigations - Evaluations 
James G. Crawford Chemical Engineer 
H. E. Summerford Petroleum Geologist 
F. Raymond Wheeler... Petroleum Engineer 
P. O. BOX 279 CASPER, WYOMING 


PETROLEUM CONSULTANTS 


Engineering and Geology 
E. O. Bennett James O. Lewis 
D. G. Hawthorn William Hurst 
M. D. Hodges 
1552 Esperson Bidg. 


Houston, Texas 


FRED E. SIMMONS, JR. 


Geology and Petroleum Engineering 
ovisiana Gulf Coast 


Raymond 9408 807 Hibernia Bank Bidg. 
New Orleans, Lousiana 




















CRUTCHFIELD AND PRUETT 
CONSULTING PETROLEUM ENGINEERS 
Wilson Tower 
CORPUS CHRISTI, TEXAS 
John W. Crutchfield Horton T. Pruett 


KELLER & PETERSON 


Petroleum Consultants 
Reserve Estimates Property Appraisals 
Petroleum and Geological! Engineering 
Reservoir Analysis 
MIDLAND, TEXAS 
P. O. Box 1787 Phone 4-6181 
W. O. Keller L. F. Peterson 


SOL SMITH 


CONSULTING ENGINEER 
PETROLEUM AND NATURAL GAS 
Reserves Deliverability 
Oil and Gas Proration 
913 BROWN BUILDING 
AUSTIN, TEXAS PHONE: 69498 




















DENTON-SPENCER 
COMPANY, LTD. 


CONSULTING PETROLEUM ENGINEERS 


Barron Building Calgary, Alberta 


JAMES A. LEWIS ENGINEERING, 
INC. 


Petroleum Reservoir Analysts 
Dallas, Texas Evansville, Indiana 
Robinson, Illinois 
Owensboro, Kentucky Winchester, Kentucky 


WM. H. SPICE, JR. 


Consulting Geologist 
2101-03 Alamo National Building 
SAN ANTONIO 5, TEXAS 








R. W. TESCH 
PETROLEUM CONSULTANT 


Valuation e Pp 
Cor‘inental Life Bida. 





Fort Worth, Texas 




















EARLOUGHER ENGINEERING 
Petroleum Consultants - Core Analyses 
Specializing in Secondary Recovery 
Investigations - Appraisals - Operations 
3316 East 21st Sr. 

TULSA 5, OKLAHOMA 
Phone: 9-6345 


W. T. MENDELL 
Engineering & Geological Consultant 
Second National Houston, Texas 
Bank Building CApital 7612 











CLEVELAND O. MOSS 
CONSULTING PETROLEUM ENGINEER 
Estimates of Oil and Gas Reserves 
Valuation — Production Problems — Proration 


208 MIDCO BLDG TULSA 3, OKLA 


TRAFFORD & ASSOCIATES 


Geological, Petroleum Engineering and 
Manag Cc Itants 





- a Wales Hotel Bidg. Phones 
P. Klavi 10th Floor 


Calgary, Alberta 

















EASTON & SACRE 
Consulting Petroleum Engineers 
1660 Ook Street 
BAKERSFIELD, CALIFORNIA 
Phone 2-3934 











OILFIELD SERVICE COMPANY 
Electric Logs — Gamma Ray — Caliper 
Weter Input Profiles 
Specializing in Secondary Recovery 
CHANUTE, KANSAS 








HAROLD VANCE 


CONSULTING PETROLEUM ENGINEER 


Pet. Engr. Dept A & M College 
College Station, Texas 














SECTION 1 


JOURNAL OF PETROLEUM TECHNOLOGY 


August, 1952 





Technical Note 126— 


ERRORS IN CALCULATION OF GAS INJECTION PERFORMANCE FROM 
LABORATORY DATA 
FORREST F. CRAIG, JR., STANOLIND OIL AND GAS CO., TULSA, OKLA., JUNIOR MEMBER AIME 


Both early and more recent’ laboratory measurements of 
gas-vil relative permeabilities were made by subjecting oil 
saturated cores to external gas drives. In these runs* it was 
generally assumed that the flowing gas/oil ratio was constant 
at every point throughout the core. Using this assumption 
the resulting equation for the gas-oil relative permeability 
ratio becomes 

ke VO: Me 

k. v 4, 
where Q is the flow rate at the producing end of the system 
This relative permeability was then specified for the 
saturation of the core. The assumption and resulting equation 
fail to recognize that in an external drive, the oil flow rate 
varies from zero at the injection end to a maximum at the 


(1 


average 


producing end. The assumption also fails to consider the 
existence of a saturation gradient during an external drive 
rhis saturation gradient is due solely to non-steady-state flow 

Some authors’** have used this erroneous method of calcu 
lating relative permeability ratios from external drives. Other 
authors’ have used relative permeability ratios in calculating 
expected field performance by external drive, using Equation 
(1) and making the incorrect assumption that the saturation 
is uniform within the driven portion of the reservoir. 

To find the correct relation between the relative permeabilit 
ratio at the average saturation and the produced gas, vil ratio 
the insertion in Equation (1) of a factor, F, to adjust it for oil 
velocity gradient has been considered. The equation then takes 
the form 


kg Qe we 
edo eT Q 
ky Q, w 


Assuming that the oil velocity is directly proportional to the 
distance from the injection point leads to the conclusion that 
for a linear system, the average oil velocity is one-half that at 
the producing end. Thus, the average gas/oil ratio is twice 
the produced gas, oil ratio, and Equation (2) is transforme 
into 

ke " Qe He 

Se 
However, here again the existence of a saturation gradient 
not recognized. 

The produced gas/oil ratio is related to the relative perme 
ability ratio at the saturation of the outlet end of the systen 
It can be shown quite readily that, if the true log k,/4, - satu 
ration relationship is linear over small ranges of saturatior 
then 

d log ky/k 
do 


average 


k (,..—9:) 


outlet 


shows 


saturations 
that the 


where ¢,,. and ¢, are the and 
respectively. Examination of Equation (3) 
factor F cannot have a single value over the whole saturatior 
range. 

Another method of dealing with external drives is that 
Buckley and Leverett.” Their 
expansion and outlet end effects. considers fully the saturatio 


method, which assumes no ga- 


gradient present due solely to the displacement mechanisn 


References given at end of paper 
Manuscript received in the Petroleum Branch office July 14 
*These comments on external gas drives apply also to water drive 
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during an external drive, and applies Equation (1) to each 
point along this gradient. The calculation of production his- 
tory using relative permeability ratio is straightforward. How- 
permeability ratios from 
production history by this method is impractical. In a recent 
paper, Welge 


and Leverett, 


ever, the calculation of relative 
using an approach similar to that of Buckley 
a simplified method for determining 
the saturation at the producing end of the system. At this 
ratio calculated by Equa- 
after breakthrough of the stabilized 


presents 


saturation, the relative permeability 
tion (1) applies exactly, 
front. By this method, relative permeability ratios or produc- 
tion history may be calculated with equal ease. Use of this 
method as a laboratory tool in determination of relative perme- 
ability ratios by external drive requires the knowledge of the 
total injected fluid volume, in addition to the average satura- 
tion and producing ratio. 

As a preliminary test of this method of calculation, labora- 
tory external gas drives were run on a 31% in. diameter. 1] in. 
long sample of Nellie Bly consolidated sandstone. This core 
sample had a permeability of 824 md and a porosity of 28.1 
per cent. The driving fluid was air. Three different oils were 
used, having viscosities of 1.4, 9.8, and 125 ep, respectively. 


rhe runs were made under identical pressure differentials. 
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FIG. 2— NELLIE BLY RELATIVE PERMEABILITY RATIOS, CALCULATED BY 
WELGE'S METHOD 


which were sufficient to reduce both gas expansion and outlet 
boundary effects to a negligible amount. 

rhe relative permeability ratios for the laboratory runs, as 
calculated by Equation (1), are shown in Fig. 1. This method 
of calculation fails to recognize the existence of oil velocity 
and saturation gradients. The saturation gradients are mark- 
edly affected by the oil viscosity, and hence the relative perme- 
ability ratios calculated at any given saturation vary widely 
between the various drives. 

Relative permeability ratios for the same laboratory runs 
calculated using the proposed method.” The 


results are shown in Fig. 2. This method of calculation, which 


were recently 
considers oil velocity and saturation gradients, yields relative 


permeability ratios correctly dependent only upon gas 
saturation 

As a test of the magnitude of errors to be made by some 
methods of external drive calculation, field performance was 
calculated by the previously discussed methods, for a reservoir 
containing fluids of typical viscosities. The results of these 
calculations are shown in Fig. 3. These calculations apply for 
both linear and radial drives, for, in external drives on either 
of these systems, both the average saturation and outflow face 
saturation are dependent only on the pore volumes of fluid 
injected. 

In Case I, the relative permeabilities were calculated from 
drive data by Welge’s method. Correct 


laboratory external 
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relative permeabilities can also be measured in the laboratory 
by any method which eliminates saturation gradients, such as 
the steady state methods. It be noted that the 
method commonly used by reservoir engineers to obtain rela- 
tive permeability information from field solution ga» 
drive data involves no calculation error. However, this method 
cannot be applied to obtaining relative permeability ratios 
from field external drive performance for the reasons cited 
above. The field performance calculations were based upon 
the assumption that every portion of the reservoir was at the 
same average The ratio 
obtained by Equation (1), using the relative permeability at 


various may 


ratio 


saturation. produced gas / oil was 
the average saturation. In this case, although the correct rela- 
tive permeabilities were calculated from the laboratory data, 
the field calculations took no cognizance of saturation gradi- 
ents in the reservoir, and so yielded incorrect gas/oil ratios. 
much higher than the correct ones. 

In Case II, the relative permeabilities again were correct. 
The produced gas/oil ratios were calculated for the field by 
the method” which considers the effects of saturation gradi 
The because, in both the relative 
permeability determinations and the field performance calcu- 


ents. results are correct, 
lations, saturation gradients were taken into account. 

In Case III, the relative permeabilities were calculated from 
laboratory external drive data using Equation (1). The field 
performance was calculated by the proper method.”’ In this 
case, although the method of calculating field performance was 


Continued on Page 6, Section 2 
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FIG. 3 — EFFECT OF METHOD ON FIELD PERFORMANCE CALCULATIONS 
Case |: Use of correct relative permeabilities in a method assuming an 
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The simplicity and efficiency of the Lee 
C. Moore KAY Derrick makes a structure of 
unusual strength. The design eliminates all 
necessary weight, but keeps all the rugged- 
ness necessary to drill today’s deepest wells. 
There are Standard KAYS designed to with- 
stand ordinary wind loads and Super KAYS 
for wind velocities up to 115 miles per hour. 
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Houston Meeting Shapes Up As One To Be Remembered 


rhe anticipated 1.200 members and 
200 ladies that will attend the Petro 
leum Branch Fall Meeting in Houston 
Oct. 1-3 have the prospect of a most 
enjoyable and profitable meeting. Indi 
cations now are that it will surely 
deserve a place on the list of “one of 
the best vet 


Entertainment Functions 


The Gulf Coast Local Section, host 
to the meeting and under the chairman 
ship of George R. Gray. moved to estab 
lish a new precedent this year in 
designing all of the major social fun 
tions for beth ladies and gentlemen. 
Many members feel that we should en 
courage the ladies to attend our meet 
ings. and the plan of having all social 
functions as joint affairs is to give the 
ladies more reasons to attend 

rhe opening feature of the entertain 
ment schedule will be the welcoming 
luncheon on Wednesday, Oct. 1, in the 
Ballroom of the Rice Hotel. William 
K. Whiteford, executive vice-president 
of the Gulf Oil Corp... and a lone 
AIME. will 


deliver the keynote address. His topi« 


standing member of the 


will be one of current interest to the 


petroleum industry. A reasonable guess 


is that as many as 750 members and 
their ladies may attend this function 
Next on the program is a party that 
promises to be unusually pleasant i 
reception and buffet around the pool of 
the Shamrock Hotel on Wednesday eve 
ning, Oct. 1. Also for members and 
ladies. the party will open with cock 
tails, to be fellowed by buffet food 
A highlight feature of the eve 
ning will be an aquacade and water 
show in the pool of the Shamrock, after 


service 


which there will be time for visiting 

As always, the most popular feature 
of the entertainment program ts ex 
pected to be the Petroleum Branch 
Dinner and Dance in the Ballroom of 
the Rice, on Thursday evening. Oct. 2 
This will be an entertainment function 
only, and ne fermal pregram is 
planned. An unusual and attractive fa 
vor will be presented to the lad’e lt 
has already been selected. but will re 
main a secret until the dinner 
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By Joe B. Alford 


An event which can be both social 
and technical is planned for Friday 
afternoon, Oct. 3, in the form of a 
field trip to visit the Texas Gulf Sul 
phur Co. Newgulf 
Situated about 50 miles southwest of 
Houston, it is the site of one of the 


headquarters at 


largest sulphur mining operations in 
the world, and a visit there is indeed 
a memorable experience. The company 
staff, headed by genial Vice-President 
and General Manager H. E. 
Sr. (an AIME member for 35 years 

is a superb host. No effort is too small 


Treichles 


to make you comfortable and to give 
you the best view of the plant opera 
tion and the dramatic sight of hug 
vats of vellow sulphur against the Texas 
sky. The trip will be for both ladie- 
and gentlemen, in 


busses 


chartered 
leaving Houston about 1:00 p.m., and 
| 


returning about 6:30 p.m vervone 


interested is urged to attend 


Ladies Activities 


Although the ladies 


fairly busy attending the above fun 


will be kept 


tions with their gentlemen, the Ladie 

Activities Committee of the Gulf Coast 
Section, under the chairmanship of Mrs 
\. S. Parks. has planned two additional 
functions for ladies only. The first is 
a get-acquainted coffee in the Rice Ho 
tel on Wednesday morning, Oct. 1: the 
Thursday 
afternoon in one of the leading Houston 


second is a fashion show on 
stores, Registration facilities and sep 
arate programs will be available for 


the ladies at the meeting 


The Technical Program 


\ well rounded program of ellent 
papers has been developed by the 
Branch Technology Committee under 
the chairmanship of Douglas Ragland 
and the Economics Committee. with 
Kenneth FE. Hill as chairman. The pro 
gram, containing 41 papers of all types 
was published in full in the July Tecnu 
NoLocy,. and will be published again in 
ibstract ol 


September. along with an 


each paper 
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Two new procedures in the presenta- 
tion of technical papers will be ini- 
tiated this year. The first is that those 
presenting the papers orally will be 
given a precise time for the presenta- 
tion, but the discussion will not be 
limited to a precise time. The hope is 
that this plan will encourage extempo 
raneous discussion, which will be al- 
lowed to run its course within the 
general time limits of the session. The 
second new procedure is that an easel 
will be set up at the entrance doors to 
the technical sessions showing what 
paper is being presented in each room. 
Preprints will be distributed on all 
possible papers as usual 


Business Meetings 


Several important business meetings 
will be held during the several days in 
Houston. The first is the initial meeting 
of.the newly formed Petroleum Section 
Conference, which will be held at 2:30 
p.m., Wednesday, Oct. 1. This is a 
conference of the Section chairman and 
i delegate of each petroleum Local 
Section and Chapter of the Institute, to 
meet for the purpose of discussing busi- 
ness which concerns petroleum mem- 
bers of the Institute. 

The Petroleum 


Branch Executive 


Committee will hold its annual open 
meeting on Thursday afternoon, Oct. 2. 
All members are invited. 

The Membership Committee, the Ad- 
vertising Committee, and possibly the 
Publications Committee will hold meet 
ngs at times that have not yet been 


~pecified 


General 


Adequate hotel accommodations are 
still available in the Lamar. Texas 
State. Shamrock and_ other 
hotels, but the Rice has been sold out 


Houston 


for some time 

There are always a number of rea 
sons why one cannot attend a meeting 
such as this. but we urge you to make 
i spec! il effort te overcome these rea 
sons, for the members who miss the 
Houston meeting will really miss some 
: wv @ 


thing 
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Annual Meeting of Wyoming 


Petroleum Chapter Held in Casper 


The annual meeting of the Wyoming 
Petroleum Chapter of the AIME was 
held May 23, at the Townsend Hotel, 
Wyo. Registration was held 
from 9 a.m. to 10 a.m. when 57 regis- 


Casper, 


tered for the meeting. 

The business meeting was called at 
10:15 a.m., and after the reading of 
the minutes of a special meeting with 
the Section on April 4 and 5, a pro- 
posal by the Wyoming Section to hold 
two joint meetings annually was given 
consideration. A committee composed 
of R. M. Churchwell. Ralph Espach, 
Martin Hegglund. H. G. Fisk and R. D. 
Ferguson was appointed to consider the 
proposal and report prior to the close 
of the meeting. 

The committee met and reported a 
decision to present a resolution to the 
Wyoming Section to combine the Wyo- 
ming Section and Wyoming Petroleum 
Chapter. with officers and delegates 
elected in proportion to the occupation 
of the membership. The resolution was 
to be presented to the Section at its 
meeting in June. 

Following the business meeting Joe 
B. Alford, Executive Secretary of the 


Reported by R. D. Ferguson 


Petroleum Branch, presented a compre- 
hensive review of the functional opera- 
tion and 
AIME, 
Branch. 
Jack Tarner, chief petroleum engineer 
of the Phillips 
Bartlesville, Okla.. compared the his 
tory of the three systems under which 


structure of the 
particularly — the 


financial 
Petroleum 


Petroleum Company, 


petroleum is produced: the competitive 
system, state regulatory system, and 
unitization. He outlined the advantages 
and disadvantages of the three systems 
and used a model to demonstrate the 
advantages of unitization. 

In the afternoon session Ralph H 
Espach. U. S. Bureau of Mines, gave a 
paper on 
wherein he gave estimates of sulphur 


“Sulphur in Wyoming,” 
to be extracted from the various fields 
producing hydrogen sulphide gas, as 
well as a discussion on the known sul 
phur deposits in Wyoming 

R. D. Call. service industrial super 
visor and southwest district engineer. 
Westinghouse Electric 
paper on “Practice of Oil 
Lease Electrification” 


Corp.. gave a 
Pumping 
in which he dis 
cussed the conditions which influence 


AUTHORS AND OFFICIALS are pictured here during the annual meeting of 
the Wyoming Petroleum Chapter. L to R are Joe B. Alford, R. D. Call, Sidney B. 


Richards, Jack Tarner, Paul R. Turnbull, R. D. Ferguson and R. H. 
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the selection of the various types of 
electric equipment. 

O. C. Baptist, U. S. Bureau of Mines, 
Laramie, Wyo., presented a paper on 
“The Physical Properties of Sands in 
the Frontier Formation, Big Horn Ba- 
sin, Wyoming” in which he discussed 
the response that may be expected from 
the Frontier sands in the Big Horn 
Basin when secondary recovery meth- 
ods are employed. 

\t the closing banquet that evening 
Paul Turnbull, chairman of the Petro- 
leum Branch discussed the objectives 
of the Branch and how they are to be 
accomplished. 

Following the banquet Richards an- 
nounced the results of the ballot for 
election of officers for the ensuing year, 
showing R. D. Ferguson, of the U. S. 
chairman; H. C. 
Geason, of the British American Oil 
Co., first vice-chairman; G. W. Berry, 
of the Sun Oil Co.. as second vice- 
president; and W. R. Kahla, of the 


Ohio Oil Co., as secretary-treasurer. * 


Geological Survey, 


Study Group Discusses 
Taxes and Operations 


H. O. Reyburn with Nicholson and 
Reyburn Co., Tulsa, Okla., presented a 
talk entitled “Influence of Income 
Taxes on Oil Operations” at a recent 
meeting of the Mid-Continent Section 
of the Reservoir Study Group. 

Reyburn’s talk dealt primarily with 
drilling costs and percentage depletion, 
their relation to one another and the 
operator. The speaker stressed through- 
out the paper the important of tax 
planning in present and future opera- 
tions and emphasized the need of esti- 
mating expense and income figures for 
at least a year in advance to effectively 
employ tax planning. With reference to 
several exhibits. he briefly defined al- 
lowable depletion and demonstrated 
how it may be determined. In addition. 
a brief discussion was made of per- 
missible tax deductions with 
being placed on intangible drilling and 
x* * * 


stress 


development costs. 
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Principles of Core Analysis 


Norris Johnston, president of Petro 


leum Technologists, Inc.. was the third 
speaker in the course of ten speakers 
who are being presented by the Pacific 
Technology Forum 

Johnston began with a brief review 
of core analysis history. He then de 
scribed laboratory measurements and 
field applications of six core and core 
uid properties 
ibility, oil saturation, oil gravity, in 


porosity, air perme 


terstitial water saturation, and water 
flood characteristics. 

Core analysis was begun about 25 
vears ago by Nutting, 
Since that time core analysts 


Stevens and 
others 
have tested about five million cores. The 
results of these tests have been used to 
1id estimation of reserves, to indicate 
well completion effectiveness, and to 
1id choice of production and proration 


programs 


Porosity 


The core property most often meas 
ured is porosity: the fraction of the 
rock bulk volume that is filled with 
water, oil, or gas. Total porosity in 
cludes all voids in the rock matrix: 
effective porosity includes only those 
voids that are interconnected so fluids 
can flow between them. In California 
oil sands these two porosities are very 
nearly the same 

The most convenient and, therefore 
most widely used tool for measuring 
porosity is the Kobe porosimeter. This 
apparatus measures the change in vol- 
ume of gas, in a chamber of known 
volume, caused by introduction of the 
core into this chamber. The porosimeter 
measures the volume of solids in the 
core and is most accurate if the dif 
terence between the bulk volume and 
the solids volume is large: i. if 
porosity is large or if the sample is 
large 

Gas adsorption on the rock surfaces 
may lead to erroneously high core vol 
ume measurements. Oil field rock sur 
faces do not usually adsorb much air. 
and this error is small. But if the Kobe 
porosimeter is used to measure the 
porosity of a surface active solid, such 
as charcoal. replacement of air in the 
instrument with helium is necessary t 


minimize adsorption 


SECTION 1 


Reported by J. A. Klotz 


Pacific Technology Forum 


Overburden pressure is the field va 
riable which probably has more effect 
than any other on measured core poros 
ity. As the core bit separates the core 
sample from surrounding rock, con 
pressive stresses caused by overburden 
weight are relieved. In a 5,000-ft well 
the vertical compressive stress may be 
as great as 5,000 psi: relief of this 
stress may cause marked changes in 
the pore configuration of shaly sands 
or of poorly consolidated sands. Core 
expansion, as overburden pressure is 
relieved, has been used to explain the 
W to 45 per cent porosities that are 
frequently measured 

Johnston offered another possible ex 
planation for the existence of high 
porosity im reservoir rock As folds 
are formed. rock near the top of the 
folded laver is stretched in horizontal 
tension. If the 
cently, the stretched rock may not have 


folding occurred re 


returned to closely packed equilibrium 
a measurement of 45 per cent porosity 
may be, therefore. a true measurement 
and not the result of core expansion 


Permeability 

Johnston 
described was permeability: the ability 
of rock to transmit fluids. The perme 
ability of the rock te a single fluid 
phase; for example, air permeability at 
100 per cent air saturation. Johnston 
emphasized that the single phase pet 
meability of rocks is dependent on the 


The second core property 


fluid used to measure the permeability 
Use of fresh water and of brines that 
react with core minerals may result 
in a measured permeability that is 
many-fold too low. 

Another 


problem arises in the occurrence of 


permeability measurement 
minute cracks in laminated cores. If 
these cracks are not indigenous to rock 
structure but are caused by the lab 
oratory testing procedure, permeability 
measurements become meaningless. A 
helpful development would be a micro 
permeameter that could be applied to 
a core so that an average of the per 
meabilities of many laminae could be 
measured regardless of cracks between 
the laminae. 

Overburden pressure may alter core 
permeability as well as core porosity 
This pressure may ¢ lose cracks between 
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laminae and reduce permeability mark 
edly. Similarly overburden 


may change the permeability of cores 


pressure 
from poorly consolidated sands; for 
example, the permeability of a particu 
lar soft sand core was reduced to 1/35 
of its original permeability by the pro 

ess of plastic mounting of the core un 


der a pressure of 250 psi. 


Oil Saturation 


The third commonly measured core 
property is oil saturation: fraction of 
pore space that is filled with crude oil 
The modern method of extracting cores 
with a solvent, such as toluene, pro 
vides a convenient accurate measure 
ment of oil remaining in a core after 
t has been brought to the laboratory 
Interpretation of oil content is, how 
ever. less straight-forward than its 
measurement. As the core is drilled, 
mud filtrate floods oil from the core 
The portion of oil that is removed 
depends on the drilling rate and on 
oil and filtrate mobility. Oil saturation 
ifter coring may be anywhere between 
the saturation of a virgin reservoir and 
the saturation of a completely watered 


out sand 


Oil Gravity 

Another measurement that core lab 
oratories are often asked to make is 
estimation of gravity of the crude oil 
in a core. Precise measurement of this 
gravity is almost always difficult be 
cause of the smallness of the sample 
Johnston listed four methods of esti 
mating gravity from core samples and 
stated disadvantages of each. 

If the core is retorted, the oil may 
crack and yield an erroneously high 
gravity measurement. Another method 
of removing oil from the core is to 
extract the core with a solvent and to 
evaporate the solvent from the oil. The 
resulting gravity measurement may be 
too low. however, because light ends in 
the oil may also evaporate. For a third 
method. the density of an alcohol water 
solution is adjusted until a droplet of 
the oil sample neither rises nor sinks 
in the solution. Silt and gas bubbles 
idhering to the oil droplet often change 
its apparent density and thus limit the 

Continued on Page 5, Section 2 
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A New Student Chapter — First Year Review 


On Noy. 30, 1951, all interested pe- 
troleum engineering and geology stu- 
dents gathered with C. V. Kirkpatrick. 
marking the beginning of the student 
chapter of AIME for the University of 
Houston. Kirkpatrick read the require- 
ments and purpose of the organization. 
At this time, it was agreed that on 
Dec. 7, 1951, four officers would be 
elected from nominated at the 
first meeting and others on the election 
day. The officers were to be a president 
(restricted to graduating seniors), a 
vice-president, a secretary, a treasurer 
and a faculty sponsor. On election day. 


those 


the following named men were elected: 
J. G. Ford, president; A. D. Sossaman, 
vice-president; H. C. Phillips, secre- 
tary; R. J. Christensen, treasurer. 

The faculty sponsor was C. V. Kirk- 
patrick, petroleum 
engineering department. Standing com- 
mittees were appointed by the presi- 
dent with the following named chair- 
men: Leonard MeCasland, program 
committee; A. G. Gerhardt, member- 
ship committee; Wayne Goodwyn, pub- 
licity committee; Archie Haggard. by 
laws committee (temporarily). 

At a subsequent meeting, members 
of the chapter decided to request Nor- 
man Clark, of the Humble Oil and 
Refining Co., to act as industry coun- 
selor. Accordingly, a letter was directed 
to Clark and _ his 
promptly received. 

The student 
numbers some 45 members. It was de- 


chairman of the 


acceptance was 


chapter membership 


Reported by J. G. Ford 


University of Houston 


cided by the chapter to hold meeting- 
Fridays of 
each month, from 11:00 to 12:30 a.m 


on the second and fourth 
This chapter operates under the aegis 
of the Gulf Coast Section, 

An address by Joe B. Alford, execu 
tive secretary of the Petroleum Branch, 
highlighted the first program on Fri 
day. February 8, 1952. Alford’s paper 
was entitled “To a Petroleum Engineer 

Your Profession and Its Society. 
Accompanying Alford were A. W. Wad 
dill, former Chairman of the Gulf Coast 
the speaker 


Section, who introduced 


and George Gray, present chairman of 
the Gulf Coast Section, who gave the 
opening speech 

A formal application for recognition 
of the student chapter by the national 
Robie 


Recognition by the 


society was forwarded to E. H. 
on Feb. 8, 1952 
Board of Directors of the Institute was 
received, dated Feb. 17, 1952 

Paul Weaver. of the Gulf Oil Co 
accompanied by George Gray, gave a 
talk on “The Origin of Oil” on Feb 
29, 1952. One other speaker was sched 
uled: Alma Childress, consulting geolo 
gist, addressed the student chapter 

Two field trips were made during the 
year; one to Katy Gas Plant. operated 
by the Humble Oil and Refining Co.: 
and the other to Cameron Iron Works 

A special meeting was called on Fri 
day. May 9%. to elect new officers for 
school year. The following 
members were elected: Archie Haggard, 
president: Don MeSparren, vice-presi 


the next 
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Petroleum Branch Fall Oct. 1-3, 
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Continent) Houston 
Oct. 23-24, 
Statler Hotel. 
Los Angeles 
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AIME Annual Meeting 


AIME Fall Meeting 


Sept. 3-6, 
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dent: Leonard MecCasland, secretary 
Robert L. Barton, treasurer. 

\ barbecue was held, May 11, at 
the H. & H. Guest Ranch, which wound 


up the season’s activities. * * *® 


Student Awards Given 
At Kansas Meeting 


The annual meeting of the 


Kansas 


Petroleum 


joint 
cooperating with the 
Division, AIME, and Mid 
area student chapters was 
held at the University of Kansas early 
n the summer. 


Section 


Continent 


Student participation included AIME 
chapters at the University of Oklahoma. 
University of Tulsa, Oklahoma A&M 
and the University of Kansas, 
from 


Collese, 
and Pi Epsilon Tau 
Oklahoma and Tulsa. 


members 


Student paper awards were given in 
graduate and undergraduate divisions 
by the Kansas Section and the Petro- 
Graduate contest win- 
Don D. Allen, University of 
Kansas, first place: and Robert Sears. 
University of Oklahoma, second place. 
Robert S. Ryan, University of Tulsa 
won first prize in the undergraduate 
paper contest, and John G. Luttrell and 
Richard H. Jukes, University of Kan- 
sas, presented the second best paper. 

Winners 


Petroleum Conservation, plus $15 for 


leum Division 


ners were 


each received a copy of 
first place and $10 for second place. 


The student paper contests were ar- 


ranged by a committee consisting of 
P. T. Amstutz, chairman, FE. A. Ste- 
phenson and J. J. Arps. 

lotal registration for the meeting 
was 46, and four technical papers other 
than student 
Joe B. 


retary, spoke at the annual banquet. 


papers were presented. 


Alford, Petroleum Branch Sec 


J. P. Everett served as general chair- 
man for the meeting. The program 
committee was headed by J. R. Puckett, 
assisted by H. L. Temple and L. W 
Holsapple. 

Representing the participating schools 
on the arrangements committee were 
W. F. Cloud and H. W. Benischek, Uni- 
versity of Oklahoma: A. W. Walker. 
University of Tulsa: C. F. Weinaug. 
University of Kansas: and A. T. Woods, 
Oklahoma A&M. xe * 
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1. The GAMMA RAY — 
Curve identifies formations 


2. The NEUTRON Curve points out 
where you'll find fluid in the formations 


The THIRD ingredient is Lane-Wells ACCURACY 
ACCURATE DEPTH MEASUREMENTS with Lane-Wells’ famous 
measuring system, to assure you an accurate picture of the depths and 
extent of all formations logged. 

SKILLED INTERPRETATION if you wish it, with experience 
gained in thousands of radioactivity well logging jobs in every drilling 


meal area in this country and many fields abroad. 


You get ALL THREE in Radioactivity Well Logging by... 
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LABORATORY DETERMINATION OF RELATIVE 
PERMEABILITY 


J. G. RICHARDSON, J. K. KERVER, JUNIOR MEMBERS AIME, J. A. HAFFORD AND J. S. OSOBA, HUMBLE OIL AND 
REFINING CO., HOUSTON, TEX. 


ABSTRACT 


\ detailed study of a number of methods of relative perm: 
ability measurement has been made in a search for the tech 
nique most suited to routine analysis of cores taken fron 
reservoir rock. It has been found from tests run on the same 
samples of core material by a number of techniques that the 
Penn State, Hassler, Hafford, and dispersed feed techniques 
all yield results which are felt to be reliable. Conditions 
under which the faster single core dynamic technique may be 
used are described. Further work on the calculation of rela 
tive permeabilities to oil from data obtained by the gas drive 
method is needed before this latter rapid method can be 
utilized. 

Correlations between theoretical studies and experimenta 
results have been obtained in studies of the boundary effect 
pressure distribution in two-phase flow, and gas expansion 
effects. the effects of the 
boundary could be made negligibly small have been substan 
tiated. Results of experimentally determined oil and gas pres 
sample during flow are 


Previous conclusions that outflow 


sure distributions along a core 
presented. Further studies of the effects of rate of flow in 
the measurement of relative permeability-saturation relations 
have shown that results are independent of the rate of flow 
as long as the flow rate is below the point where inertial effect 
commence. An analysis of the effects of a severalfold expan 
sion of gas along the flow path indicates that while saturation 
gradients are induced in the test sample, the errors caused by 
this phenomenon in relative permeability measurements are 


small. 


INTRODUCTION 


Many pages of literature have been devoted to pointing out 
the need for relative permeability-saturation relations in reser 
voir engineering. One of the most attractive ways of obtaining 
this information is by the analysis of samples of core material 
taken from the formation in question, and again literature has 
described many methods for obtaining these data. It is the 
purpose of this paper to present the work that has been done 
in the study of some of these published methods together with 
some other methods that have been recently developed in this 
laboratory. Also, a study of some of the factors that influence 
the laboratory determination of relative permeability-satura 
tion relations is presented. 

References given at end of paper. 

Manuscript received in the Petroleum Branch office March 24, 195 

For information related to the subject of this paper see the Tect 


Note, “Errors in Calculation of Gas Injection Performance from Lal« 
tory Data.’’ by Forrest F. Craig, Jr., in Section 1 of this issue 
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FACTORS WHICH AFFECT LABORATORY 
STUDY OF FLUID FLOW THROUGH 
RESERVOIR ROCK 


Io determine relative permeability-saturation relations of 
samples of reservoir rock in the laboratory, it is important 
to know what factors affect these measurements in order that 
the magnitude of these effects can be ascertained and steps 
then can be taken to eliminate or, in some cases, to minimize 
them. The factors that have been investigated are the boundary 


effect, the effect of gas expansion, and the rate effect. 


Boundary Effect 


In laboratory which two immiscible fluids 
are flowed through 
tinuity of capillary properties at the outflow face. This dis- 
fluids from a 


pressure in the sample to a region of zero 


experiments in 
a porous medium, there exists a discon- 
continuity exists because the region of 
finite capillary 


capillary pressure in an open receiving vessel. The capillary 


pass 


forces existing in the core cause the rock to tend to retain 
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FIG. 1 — RELATIVE PERMEABILITY AND CAPILLARY PRESSURE SATURA 
TION RELATIONS FOR BEREA OUTCROP SAND 
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NOTE 


Berea Outcrop sample having 
characteristics shown in Fig 1 


Legend 


A= 358 sqa cm 











ie) 


LQ, (CM XCC/SEC) 
FIG. 2— CALCULATED SATURATION GRADIENTS DUE TO BOUNDARY 
EFFECTS 


the wetting fluid, which results in the saturation of the wetting 
face being maintained at a higher level near the outflow end 
of the core than throughout the remainder of the core. This 
phenomenon is called the boundary effect. In a recent publica- 
tion, Caudle, Slobod and Brownscombe’ pointed out that the 
predicted influence of the boundary effect was larger than wa- 
determined experimentally. Since the influence of the bound- 
ary effect must be reckoned nearly all laboratory 
investigations dealing with multi-fluid flow, it is important to 
know exactly the role plaved by the boundary effect in these 


with in 


investigations 


Theory 
When two 


porous medium, 
listed below: 


horizontally 
differential 


flow through a 


equations 


fluids 


obey the 


immiscible 
they three 


debedL 
K,A 


dP, 


awMawdl 
KiwA 
dP, = dP...- dP. 
Equation (1) is Darey’s Law applied to the wetting fluid 


and Equation (2) is Darcy’s Law applied to the non-wetting 
fluid. Equation (3) expresses in differential form the capillary 


FF vs 


pressure relating the pressures in the two fluids. By substitut- 
ing Equations (1) and (2) in Equation (3). the following 
differential equation can be developed: 


dS, he Baden l ] 
dl ea _- { dP 
ds, 


One condition for which a solution of Equation (4) is 
desired is the condition that 
porous medium in such a manner that the wetting fluid satu- 


ration is always decreasing from 100 per cent saturation. 


This type of behavior has been termed drainage. To solve 


Equation (4) for drainage conditions, a knowledge of the 


188 


the fluids move through the 
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drainage flow characteristics of the porous medium is required. 
The boundary condition imposed on the solution of Equation 
(4) is that the saturation at the outflow face be the equilib- 
rium non-wetting fluid saturation, which is the saturation at 
which the permeability to the non-wetting fluid becomes 
greater than zero. Experimental evidence has shown that this 
saturation exists at the outflow face. 

For a sample of sandstone from a Berea outcrop, the satu- 
ration distribution of the wetting fluid that would exist was 
calculated for various ratios of non-wetting to wetting fluid 
flow rates. The drainage capillary pressure and relative per- 
meability-saturation relations for the Berea outcrop are shown 
m Fig. 1. Inasmuch as the calculations of the saturation dis- 
tribution required a solution of Equation (4), the first step 
in the was to select arbitrarily the rates of flow of 
the two fluids. This fixed the saturation of the wetting fluid 
within the sample at an infinite distance from the outflow end. 
Next, about ten saturations in incremental steps were chosen 
between the saturation at infinite distance from the outflow 
end and the saturation of the wetting fluid accompanying the 
equilibrium non-wetting fluid saturation. At each saturation, 
the quantity dS,/dL determined from Equation (4). 
Then, the reciprocal, dL/dS,, was plotted as a function of 
saturation and by graphical integration of this relation the 
plot of the saturation as a function of the distance from the 
was obtained. By repeating this calculation for 
a number of fluid flow rates, a set of curves relating satura- 
tion and distance from the outflow end was obtained. These 


solution 


was 


outflow end 


curves representing the saturation gradient due to the end 
effect at various rates of flow are shown in Fig. 2. 


Experimental Results—Long Core Cut into Sections 


\ study was made to determine experimentally the satura- 
tion distribution in a sample of porous material due to the 
boundary effect when two fluids were flowing simultaneously 
through the material. For this investigation, a Berea outcrop 
sandstone was cut in a cylindrical shape with the axis of the 
cylinder parallel to the bedding plane. The sample, 30 cm 
long and 6.85 cm in diameter, was cut into eight sections with 
the slices made perpendicular to the axis of the sample; the 
faces of the sections were machined flat. The sections were 
then placed in the fluid flow apparatus end to end with porous 
tissue faces. A drawing of this apparatus is 
shown in Fig. 3. A strong spring was used to force the sections 
together to insure capillary contact between the sections. 

The study of saturation gradients within the sample was 
made using various rates of flow. For each determination the 
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FIG. 3 — APPARATUS UTILIZING LARGE CORE SECTIONS 
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FIG. 4— COMPARISON OF EXPERIMENTAL AND THEORETICAL SATURA 
TION GRADIENTS DUE TO BOUNDARY EFFECT. 


sections were first completely saturated with the wetting fluid 
(kerosene) which was then flowed through the sample. Next 
the non-wetting fluid (helium) was introduced and flowed 
along with the oil through the sample at a rate giving the 
desired pressure gradient until both flow rates and pressures 
were no longer changing. The flow was then stopped and 
the oil saturation of each sect'on was determined by weighing 
The resulting saturations of the sections for three runs are 
shown in Figs. 4, 5, and 6. Also shown in these figures for 
comparison are the saturation distributions that were pre 
dicted by the solutions of Equation (4) for the Berea sample 


Experimental Results — Flowing Pressure Studies 

In an effort to obtain information about the pressures exist 
ing in the wetting and in the non-wetting fluids while two 
fluids were flowing through porous material, a special long 
core apparatus was constructed whereby the pressure in the 
wetting and non-wetting fluids could be measured at several 
points along the length of a sample of porous material. Of 
particular interest was the behavior of these pressures neat 
the outflow the boundary effect influenced the 
pressures. 


end where 

The porous material used for this investigation was a piece 
of Berea sandstone outcrop. A cylindrical sample was cut with 
its axis parallel to the bedding plane. The sample was 30.7 
em long and 6.85 cm in diameter. Three cylindrical semi 
permeable porcelain discs (oil pressure pads), 1 cm in diam 
eter and 0.6 cm thick, were cemented into the samples at 
distances at 2.91, 15.35, and 27.79 cm from the inflow end to 
measure the pressures in the wetting fluid. These discs were 
connected to Moore Products pressure gauges by passing a 
probe through the rubber sleeve and sealing the probe to 
the semi-permeable discs with O-rings. The rubber sleeve had 
six imbedded piezometric rings to measure the pressures in 
the non-wetting fluid. A drawing of the apparatus is shown 
in Fig. 7. 

With this apparatus. the pressures in the wetting fluid at 
three points along the sample length were measured and the 
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FIG. 5 — COMPARISON OF EXPERIMENTAL AND THEORETICAL SATURA 
TION GRADIENTS DUE TO BOUNDARY EFFECT. 


pressures in the fluid measured at seven 
points. A number of runs were made flowing oil and gas 
through the sample at various rates. In each run the sample 
was initially saturated with oil to insure that true drainage 
conditions existed. The pressure distributions in the oil and 
in the gas within the sample for two typical runs are shown 


in Figs. 8 and 9 


non-wetting were 
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FIG. 7 — LONG CORE APPARATUS 


In Fig. 8 the caused by the boundary effect in 


the oil-pressure and in the gas-pressure distribution curves 


curvature 
can be seen to extend a considerable distance into the core 
These measurements were made at low rates of flow. The pres 
Fig. 9 
high rates of flow and show that the curvatures in the pressure 
distribution curves caused by the effect 
fined to small part of the sample. The saturation 
gradients the effect: extended the 
sample for about 15 per cent of the length for the run shown 
in Fig. 8 and for about 3 per cent of the length for the run 


sure distribution curves shown in were obtained at 


boundary were con 


only a 
, 
caused by 


boundary into 


shown in Fig. 9 


It can be noted that at the outflow end all pressure dis 


tribution curves for gas were extrapolated to a value corre- 
sponding to the capillary pressure of the sample at the equi 


librium gas saturation. 
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FIG. 8 — FLOWING.PRESSURE.LENGTH RELATION FOR GAS AND OIL IN 
STEADY STATE FLOW 
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Interpretation of Results 


rhe results obtained in laboratory indicate 
that the the effect predicted 
by the fundamental equations of fluid flow and the relative 
permeability 


studies 
can be 


these 
influence of boundary 
and capillary pressure-saturation relations of the 
porous medium. A number of calculations made to determine 
the average permeability to gas and to oil that a sample would 
have if the saturation distribution were that shown in Fig. 2 
revealed that the 
appreciably affected by the saturation gradient caused by the 
effect 


l 


become negligible as the rate of flow is increased. At low rates 


relative permeability to gas is the only one 


boundary The errors in gas petmeability measurement 
of flow the error in the measurements of relative permeability 
the inability to the 
pressure gradients simply by measuring terminal 


is due primarily to determine correct 
pressures 
and sample lengt! 

When a wetting and a non-wetting fluid flow through porous 
media the pressure difference between the two fluids at every 
point is equal to the capillary pressure corresponding to the 
that As the wetting fluid saturation in- 
outflow boundary as a result of the boundary 


effect the pressure difference between the two fluids decreases 


saturation at point 


creases near the 
iccordingly. Also, it was found that the wetting fluid pressure 
the 
wetting fluid pressure is discontinuous at the outflow boundary 
The magnitude of the discontinuity is equal to the capillary 
| 


pressure at the equilibrium non-wetting fluid saturation. 


is continuous across outflow boundary whereas the non- 


Flow of Compressible and Non-Compressible 
Fluid Through Reservoir Rock 


Phe 


tery introduces a complication not encountered when two non- 


use of a gas in studies of multiphase flow in the labora- 


compressible fluids are flowing. The fact that the volume of 


flowing increases as the pressure on the gas decreases 


fluid 


Increase in 


gas 
along 
fluid 
path. 


causes the gas-te ratio to increase 


the 
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saturation 
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as has been pointed out by several investigators.”* The magni 
tude of the saturation gradient and the magnitude of the 
errors incurred in relative permeability measurements unde: 
conditions where the volume of gas flowing in a test sample 
increases severalfold along the length of the sample has been 
the subject of some conjecture in the literature. An attempt 
is made in the following discussion to describe mathematically 
the nature of the saturation gradient caused by gas expansion 
and the amount of error introduced thereby into relative per 
meabilities under these conditions. Also, experi 
mental results are presented as a corollary to the theoretical 
study. 


measured 


Theory 


The equation governing the simultaneous flow of two fluids 
through porous media is Equation (4). For the study of the 
effect of gas expansion, this equation can be rearranged into 
the more convenient form shown in Equation (5). 

a Site Beh a, 
q Kb, Qube ds 


dS 


dL 


where subscript g refers to the gas phase and subscript 

refers to the oil phase. From this equation and Darcy's Law 
for each phase, the gas/oil ratio at any point in the medium 
may be obtained as a function of the saturation and the satu 
ration gradient at the point. A solution of Equation (5) wa- 
obtained for the specific set of conditions of flow 
Berea outcrop sample for which the relative permeability and 
capillary pressure-saturation relations are shown in Fig. | 
Calculations were made to determine the saturation distribu 
tion that would exist in a sample 22.4 cm long and 6.85 em 
in diameter with gas and kerosene flowing at a high rate 
through the sample. For the calculation, three conditions were 
arbitrarily fixed for the flowing system. These were a pressur¢ 
in the gas of 3.069 atmos. at the inflow face, a pressure in the 
oil of 2.996 atmos. at the inflow face. and an oil flow rate of 
0.733 cu cm/sec. The gas flow rate, the pressures of the gas 
and oil along the length. and the saturation along the length 


using a 


100 





Theoretical saturation 
gradient 








Note 
SP =2.069 atmos 
Qg = 5.6 cc./sec 
GQ, = 0.0738 cc./sec 
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FIG. 10 — COMPARISON OF EXPERIMENTAL AND THEORETICAL SATU 
RATION GRADIENTS DUE TO GAS EXPANSION. 
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were computed. Using the computed saturation-length rela- 
tions, the average saturation of the sample was calculated to 
be 77 per cent by an integration process. The relative perme- 
abilities to oil and gas were computed using the inlet gas 
pressure and the appropriate flow rates as would be done in 
laboratory flow tests. The relative permeability to oil was cal 
culated to be 12.4 per cent and the relative permeability to 
to 
abilities to oil and gas at 77 per cent saturation obtained from 
Fig. 1 are 12.0 per cent and 27.8 per cent respectively. Thus 
the vil relative permeability measurement was 0.4 
per cent in 12 per cent and the error in gas relative perme- 


gas was calculated be 27.2 per cent. The relative perme- 


error in 


ability was 0.6 per cent in 27.8 per cent, which are less than 


éxperimental errors in most flow tests. 


Experimental Results 


\ set of experimental investigations was conducted to deter- 
of the flow of two fluids 
through porous material. In particular, one of the investiga- 


mine the effect gas expansion on 
tions was directed toward determining the saturation vs length 
relation for a sample of porous material through which gas 
and oil were flowing at high rates. The Berea outcrop sample 
cut into eight sections previously described and the apparatus 


to study this saturation 


described in Fig } were used 
distribution 

Several experiments were performed in which gas and oil 
were flowed through the sections of Berea outcrop at high 
rates to obtain large pressure differences between the ends 
of the sample. The pressure difference was such that the vol- 
ume of gas flowing through the sample changed several-fold 
along the length of the core because of the expansion of the 
gas as the pressure decreased. The apparatus was then broken 
apart and each of the sections was weighed to determine its 
saturation. A plot of the saturation of each of the sections as 
i function of its position within the sample is shown in 
10. Also shown in Fig. 10 is the theoretica] satyration 


distribution calculated from Equation (5), 


Fig. 
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In addition to determining the saturation distribution within 
the sample, the relative permeability-saturation relations were 
determined at high rates of flow of oil and gas with the long 
solid Berea sample previously described. These steady-state 
runs were made at sufficiently high pressure drops that the 
volume of gas flowing in the core changed severalfold as the 
gas expanded with the decreasing pressure along the length 
of the sample. In Fig. 11 the results of these runs are shown 
as points for comparison with the relative permeability-satu- 
ration relations obtained at much lower rates of flow shown 
as solid lines where there was a relatively small change in 
gas flow rate due to gas expansion 


Interpretation of Results 


The agreement between the theoretically predicted satura- 
tion gradient and the experimentally determined saturation 
gradient for a particular set of conditions, as shown in Fig. 10, 
indicates Equation (5) correctly describes the flow conditions. 

It has been determined theoretically that the relative per 
meability-saturation relations obtained with gas and oil are 
not appreciably affected by the fact that the gas flow rate 
increases along the length of the sample as the pressure 
declines. From the data plotted in Fig. 11 no apparent dif- 
ference can be noted in the relative permeability-saturation 
relations obtained at pressure drops from 0.15 to 2 

Thus, it 
have no 


atmo- 
across the sample. that 
effects relative 
permeability measurements where the gas expands severalfold 


may be concluded 


gas 
expansion important bearing on 
along the flow path. This analysis is not compatible with a 


mathematical analysis by Rose* of the simultaneous flow of 
gas and a liquid through porous media. His analysis contains 
a simplifying assumption which invalidates his results. Im 
plicit in his treatment is the assumption that the permeability 
to gas and oil throughout the core sample is constant; whereas 
in the actual case, the permeabilities vary along the length 
of the core with changes in saturation caused by the increas 


ing gas /oil ratio along the flow path 
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FIG. 13 — HAFFORD APPARATUS 


Rate of Flow 


rhe laboratory determination of relative permeability- satu- 
ration relations of reservoir rock can be made more rapidly 
if the rate of flow through the sample is increased above 
flow 
relative permeability 


However, before the results of measure 
rates of flow 
on a routine basis can be accepted, it must be ascertained 
that the 


pendent of the rate of flow 


reservoir rates 


ments of made at high 


relative permeability-saturation relations are inde- 
It is known that the permeability of a porous medium to a 
liquid is independent of the rate of flow through that 

rate is not so high that inertial 
Therefore. the investigations of the 


single 
medium provided the flow 
effects become important 

effects of rate of flow on the relative permeability were con- 
ducted at than those at which inertial effects 


rates lower 


became important 


Experimental Results — Long Core 


With a large Berea sandstone core. it was possible to meas 
ire both the the oil at 
points along the sample length. By knowing both the pressure 
distribution in the oil and in the gas, studies of the effect of 


pressure in the and in various 


gas 


permeability could be made without 
of the boundary effect. 


rate of flow on relative 


the troublesome influence 
lo determine the relative permeability to oil or gas, the 
portion of the pressure distribution curve that was not influ- 
enced by the boundary effect was used to obtain the pressure 
Figs. 8 and 9. The rate of flow was determined 
by measuring the throughput of each fluid for a known length 
of time, and the average saturation of the sample was deter- 


gradient, see 


mined by weighing. The drainage relative permeability-satu 


ration relations obtained at pressure gradients varying from 
> to ll in. of water per em are shown in Fig. 12 

If instead of using the straight line portion of the pressure 
distribution curve to determine the pressure gradient, the dif- 
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ference between the Inlet pressure and atmospheric pressure 
and the sample length were used, the calculated relative 
permeability to each of the fluids at the particular saturation 
would be lower than the correct relative permeability of the 
reservoir rock at that saturation: The difference between the 
two methods would be very small at high rates of flow, but 
at low rates the difference becomes large. 

The results of these tests show that changing the pressuré 
gradient or rate of flow (in the viscous flow range) did not 
change the drainage relative permeability-saturation relations 


MEASUREMENT OF DRAINAGE RELATIVE 
PERMEABILITY-SATURATION RELATIONS 
FOR SHORT CORE SAMPLES 


The relative permeability characteristics of a great many 
core samples will be run at considerable expense in the labo 
ratories of the oil industry. It is important, therefore, that the 
techniques utilized in any one laboratory yield reliable results 
and that these techniques permit measurement on as many 
samples as possible in a given time. Also, the tests in all the 
laboratories should yield the correct results, as operation of 
many reservoirs requires joint agreement of the participating 
companies. In the following discussion, a series of experiments 
is described in which six of the methods of relative perme 
ability measurement that might be utilized in the industry 
were each used to obtain the flow characteristics of a single 
sample of sandstone. Comparisons between the methods are 
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FIG. 15— RELATIVE PERMEABILITY — SIX METHODS. LONG SECTION 


made as to the reliability of results and the rapidity with 
results may be obtained. The six methods used were 
the Penn State. Hassler, single core dynamic, gas drive, Haf- 
ford, and the dispersed feed. The Penn State, Hassler, single 
and the gas drive techniques were described in 
a previous paper’ and will not be discussed here. The two 
more recently investigated methods. the Hafford and the dis- 
persed feed techniques. are described in the following: 


which 


core dynamic, 


Hafford Technique 


Many of the earlier laboratory apparatus to measure rela- 
tive permeability-saturation relations of reservoir rock were 
designed primarily to eliminate errors due to the boundary 
effect. When it that this error could be 
made insignificant if high rates of flow were used, attention 
was shifted from the outflow end of the sample to the inflow 


was demonstrated 


end of the test sample 

In the Hafford technique the non-wetting fluid is fed directly 
into the sample and the wetting fluid is fed into the sample 
that allows only the wetting 
\ drawing of the apparatus is shown in Fig. 13. 
The central portion of the semi-permeable dise is isolated 
from the remainder of the disc by a small metal sleeve. The 
central portion is used to measure the pressure in the wetting 
fluid at the input end of the core. The pressure in the non- 
wetting fluid is measured through the standard pressure tap 
machined into the Lucite surrounding the core. The pressure 
difference between the wetting and the non-wetting fluid is a 
measure of the capillary pressure of the sample at the infiow 
end. 


through a semi-permeable dis« 
fluid to pass 
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FIG. 16—RELATIVE PERMEABILITY — FIVE METHODS, INTERMEDIATE 


SECTION (DRAINAGE CONDITIONS 


lo measure drainage relative permeability-saturation rela 
tions the sample is first saturated with oil. The sample is 
then placed in the apparatus and oil is allowed to enter the 
core through the semi-permeable disc. The oil was previously 
subjected to vacuum to remove any dissolved gases. The oil 
flow rate is adjusted to give the desired pressure in the oil 
at the inflow end of the core: Gas is then allowed to enter and 
flow through the core at very low rates. When the pressure 
gauges read constant values, indicating that equilibrium has 
been reached in the sample, the pressures in the oil and gas 
at the inflow end of the sample, together with the flow rates 
of the oil and gas, are measured. The apparatus is broken 
apart and the sample removed to determine the saturation by 
weighing. The sample is then returned to the apparatus and 
oil and gas are again allowed to flow through the sample at 
The oil rate is then reduced and the gas 
essentially the 


the previous rates. 


rate is increased slightly te maintain same 
pressure in the gas at the inflow end. When equilibrium i- 
again reached, the above procedure is repeated until complet: 


relative permeability-saturation relations are obtained 


Dispersed Feed Method 


The dispersed feed method is similar to the Hafford and 
single core dynamic methods. In this method the wetting fluid 
enters the test sample by first passing through a dispersing 
section. This dispersing section is made of porous material 
similar to the test sample, but it does not contain a device 
for measuring the pressure in the wetting fluid at the inflow 
end of the test sample as does the Hafford method. This porous 
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FIG. 17 — RELATIVE PERMEABILITY — SIX METHODS, SHORT SECTION 
DRAINAGE CONDITIONS 


material, which in some cases has been made from the same 
core material as the test sample, serves to disperse the wetting 
fluid so that the wetting fluid enters the test sample more 
or less uniformly 

Radial machined into the outflow face of the 
dispersing section. Gas is introduced to the test section through 
the two cores. 


over the inflow face. 


grooves are 


radial grooves at the junction between 


\ drawing of the apparatus is shown in Fig. 14. 


these 


n measuring relative permeability-saturation relations by 
this method, the same procedure is employed as is used for 
the single core dynamic technique described in a_ previous 
paper.’ Errors due to the boundary effect are made insignifi- 
cant by using high rates of flow. During several initial run- 
employing the dispersed feed method, the dispersing section 
was weighed after each relative permeabiilty determination 
to determine its average oil saturation. This section remained 
essentially 100 per cent saturated with the wetting fluid even 
though the saturation of the test sample had been reduced 


to about 60 per cent saturation 


Saturation Determinations 


The standard method of determining fluid saturations in 


the flow experiments described in this paper was by gravi- 


metric means. A simple ratio of the weight of oil in the sample 


after any one run to the weight of oil held in the saturated 
sample was used to calculate saturations. The use of this 
method, particularly where one of the fluid phases is a gas, 
has been literature because there is a ten- 


dency for the gas to expand from the sample as the flow is 
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interrupted and the apparatus is broken apart, the expanding 
gas carrying oil from the sample with it. 

\ series of tests was conducted on a sample mounted i: 
Lucite to determine quantitatively the amount of saturatio: 
error which would be incurred by gas forcing oil from 
sample after a run had been completed. The test procedur 
involved placing an 8-cm-long sample having a known initia 
oil saturation in a cylindrical pressure chamber. Then the ga 
pressure in the cylinder was set at 100 psi. 
time had been allowed to build up the pressure in the sample 
the pressure was quickly reduced, the faces of the sampl 
were wiped free of oil, and the sample was weighed to dete: 
mine the saturation change. This procedure was repeated fo 
various initial saturations. The maximum change in satura 
tion incurred at a pressure reduction from 100 psi te atmo 


pheric pressure was 2.3 per cent for a sample originally at 


88 per cent oil saturation, the change being much less 
all other saturations. 
up to only 10 psi, 
one per cent at 83 per cent oil saturation, being less at al 
other saturations. 

The results of this investigation show that when a sampk 
is removed from an apparatus after a flow experiment the 
change in saturation caused by the expulsion of oil by the 
expanding gas is quite small at the pressures normally use 
in these laboratory tests. 


Comparison of Drainage Relative Permeability- 
Saturation Relations by the Six Methods 


To compare the drainage relative permeability-saturatior 
I er 
relations obtained by six methods. a small uniform sample 
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FIG. 18 — RELATIVE PERMEABILITY — FOUR METHODS, SHORT SECTION 
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of Berea sandstone outcrop was used. The sample was 7.23 cm 
long and 1.85 em in diameter and was mounted in Lucite. The 
permeability-saturation relations that were 
Fig. 15. 

sample was then cut into two sections; one 
5 em long and the other section, 0-2-A. 


drainage relative 


obtained are shown it 

The 7.23 en 
section, 0-2-B, was 4.7 
was 2.30 cm long. Relative permeability determinations were 
made on sample 0-2-B by five methods and on sample 0-2-4 
by six methods. The results of these determinations are shown 
n Figs. 16 and 17. Sample 0-2-B was then cut into two sec- 
tions; 0-2-BC was 2.24 cm long and 0-2-D was 2.29 cm long. 
These short sections were tested in the gas drive, Penn State, 
dispersed feed. and single core dynamic apparatus. The 
results obtained by these four methods on the two short sec- 


ons, 0-2-BC and 0-2-D, are plotted in Figs. 18 and 19. 


Interpretation of Results 


The results indicate that determinations of relative perme- 
ibility-saturations by the Penn State, the Hassler, the Hafford, 
ind the dispersed feed systems all yield essentially the same 
permeability-saturation relations for all 

results indicate that the correct relative 
permeability-saturation be obtained by these 
methods on samples that are as short as those taken from 


drainage relative 
sample lengths. The 


relations can 


wire line cores, 

Since the relative permeability by the 
Hafford and the dispersed feed methods are made with the 
saturation gradient due to the boundary effect present in the 
test sample and in the Hassler and Penn State methods the 
saturation gradient is not present. it can be concluded that 
correct relative permeability-saturation relations can be made 


measurements of 











FIG. 19 — RELATIVE PERMEABILITY — FOUR METHODS, SHORT SECTION 
DRAINAGE CONDITIONS 
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100 disagreement is the lack of ability to compute the perme- 





ability to oil from gas drive data in the correct manner. 

The results, also, indicated that the relative permeability- 
Length saturation relations measured by the single core dynamic 
7.23 cm method were affected by sample length. This effect is illus- 


Legend 


4.75 em trated in Fig. 20. As shown in Fig. 15, the relative permeabili 


2.30 cm ties measured on the long sample by the single core dynamic 


method agreed with those measured by the Penn State and 
dispersed feed methods. On short samples the relative perme 


PER CENT 


ability-saturation relations determined by the single core 
dynamic method, particularly the oil relative permeabilities. 
were incorrect and were higher than those obtained by the 
Hassler, Penn State, Hafford, and di-persed feed methods. 
The inaccurate measurements by the single core dynamic 
method on short core samples may be attributable to the point- 
feed system which does not allow uniform dispersion of the 
two fluids within the short sample length. 

Of the methods of relative permeability described, the Hass- 
ler technique is the slowest, requiring one week for the deter 


RELATIVE PERMEABILITY 


mination of a complete set of results on one sample. Data 
can be obtained by the Penn State. single core dynamic. 
Hafford, and dispersed feed methods at a rate of one relative 








| permeability curve per day on samples having more than 
60 80 100 md permeability. The gas drive method yields results at 
the greatest rate with the least chance for operator errors 
About two hours is required to run one sample by this method. 


FIG. 20 — EFFECT OF CORE LENGTH ON SINGLE CORE DYNAMIC REL CONCLUSIONS 
ATIVE PERMEABILITY (DRAINAGE CONDITIONS ‘ 
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From the investigations of the factors that influence the 
flow of fluids through porous material, the following conclu- 
with the saturation gradient from the boundary effect present sions can be drawn 
within the test sample if high rates of fluid flow are used 1. The influence of the boundary effect can be predicted from 


The measurement of relative permeability by the Hassler, equations of fluid flow 
Penn State, Hafford, and dispersed feed methods are made <- 
when the saturation at every point within the sample is not 


changing with time. Measurement of relative permeability by 


In laboratory measurements. errors caused by the boundary 
effect can be eliminated or made insignificant in many 
cases, 

When gas and a liquid are used to determine the relative 
permeability-saturation relations, the effect of a severalfold 
gas expansion along the flow path has no important bearing 


the gas drive technique is made when the saturation in the 
sample is changing at every point within the sample. However. 
the relative permeability-saturation relations were calculated 
in the same manner for the gas drive technique as for the on the laboratory measurements. 
other methods; that is, the rates at which the fluids flowed 
through the test sample were determined, the pressure at the 
inflow end of the sample was measured, and the average satu 
ration in the sample was determined by weighing. The oil important 

flow rate used in the calculation of oil permeabilities from lhe Hafford, Penn State, Hassler, and dispersed feed meth- 
divided by two. The ods measure the correct relative permeabilities to oil and 


The drainage relative permeability-saturation relations are 
independent of the rate of fluid flow as long as the flow 
rates are below the point where inertial effects are 


gas drive data was the effluent oil flow 


oil pressure drop used in the calculation of the relative per fas. 


ge 
meability ta oil was the inlet gas pressure minus the capillary Present techniques of calculating oil permeabilities from 


pressure at the average saturation of the sample. Comparison gas drive data are not adequate. Further work on the calcu 
of the data obtained from gas drive experiments with those 
from steady state tests has indicated that the factor of one-half be utilized in routine testing. 

On short core samples, the relative permeability to oil deter 


lation methods is needed before this rapid technique can 


brings the data into agreement in many cases. It has been 
found experimentally that the oil flow rate increases almost mined by the single core dynamic method is too high, while 
linearly with the length, so one-half the effluent rate is approx the relative 
imately the average rate. The effluent oil flow rate was cal- REFERENCES 


culated from the weight loss of the sample during the run Caudle. B. H.. Slobod. R. L.. and Brownscombe, E. R.: 


permeability to gas is slightly high 


the density of the oil, and the time period over which the “Further Developments in the Laboratory Determination 
run was made. From these data, the relative permeability of Relative Permeability.” Trans. AIME. (1951) 192, 145 
saturation relations were then obtained. Rose, Walter: Technical Note—“Fluid Distributions Char 
The results of the investigation on the Berea outcrop sam acterizing Gas-Liquid Flew.” Trans. AIME. (1951) 192, 
ples showed that the oil relative permeability-saturation 372 
relations determined by the gas drive technique agreed with Geffen, T. M.. Owens. W. W.. Parrish. D. R.. and Morse 
those by the Penn State, Hassler, Hafford. and dispersed feed R. A.: “Experimental Investigation of Factors Affecting 
methods for samples 0-2 and 0-2B but was slightly lower than Laboratory Relative Permeabliity Measurements,” Trans 
the other methods for 0-2-4, 0-2-BC, and 0-2-D. Comparisons AIME (1951) 192, 99 
using other samples indicated that the oil relative permeability Osoba, J. S.. Richardson. J. G.. Kerver, J. K.. Hafford, J. A.. 
determined by the gas drive technique was not always in Blair. P. M.: “Laboratory Measurements of Relative Per- 
agreement with those of other methods. A reason for this meability.”” Trans. AIME. (1951) 192, 47. es 
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SOME PROPERTIES OF MIXED PARAFFINIC AND 
OLEFINIC HYDRATES 


H. H. REAMER, F. T. SELLECK AND B. H. SAGE, MEMBER AIME, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIF 


ABSTRACT 


An experimental investigation was made of the effect of 
temperature upon the three-phase pressure associated with the 
propane-water and propene-water systems when hydrates were 
present. In addition. the characteristics of the propane-propene 
water system were established over a limited range of ten 
peratures under that 
lhe hydrate phase for this system may be a 
and the distribution of propane and propene in it is similar 
to that found in the coexisting hydrocarbon liquid phase 


conditions such hydrate was formed 


solid solution 


INTRODUCTION 


\ knowledge of the characteristics of hydrates of the hydro 
carbons encountered in industrial practice is of importance 
in connection with the design of process equipment. Villard 
carried out early studies of hydrates, and de Forerand’ con 
sidered the more probable compositions of the hydrates of 
hydrocarbons. Hammerschmidt’ presented information about 
the propane-water and the isobutane-water systems. Scheffe: 
studied the hydrate of hydrogen sulfide in detail, and de For 
erand reported on the hydrates of krypton, argon, and xenon 

Roberts and 
hydrates formed in the methane-water and ethane-water sys 
tems. Carson and Katz studied the methane-propane-water 
methane-pentane-water, and the methane-hexane-water systems 


co-workers’” determined the nature of the 


in the four-phase region. The results of this rather extensive 
investigation indicated that the paraffinic hydrates 
-olid solutions. The experimental eviderice now available do« 


formed 


the existence of hydrates of the pentanes-and 


it cannot be stated with certainty 


not support 
heavier hydrocarbons but 
that such hydrates are not formed. Stackelberg’ 

tensive studies of the crystal structure of parafhnic 


made ex 
hydrate 
by means of x-ray techniques and found that hydrates posses 
a definite structure and composition. The existence of such a 
-tructure does not preclude the formation of solid solutions of 
hydrates in aqueous systems containing two or more hydro 
carbons. 

Wilcox, Carson and Katz 
hydrates of importance in the processing of natural gas and 


reviewed the information on thy 


presented data concerning their formation from natural gas 
Kobayashi and Katz 


methane. 


made studies at high pressure of the 
hydrate of Unruh and Katz 


drates in mixtures of carbon dioxide and methane. 


and investigated h 


Frost and Deaton contributed to the knowledge of 
the composition of the paraffinic hydrates. The irregularities 
in the experimental results were several times the expected 
uncertainties. This experience confirms the behavior encoun 
tered by other investigators indicating that hydrates tend t 
occlude water during their formation, thus rendering difficult 
their composition. Miller and 


the direct measurement of 
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Strong a number of paraffinic hydrates from 
the standpoint of their possible application to the industrial 
storage of gas. Powell” studied the effect of solutes upon the 
lecomposition temperature of paraffin hydrates. Marked low- 
ering of the decomposition temperature at a given pressure 
may be obtained by the use of such additive agents as ethylene 


investigated 


elvcol, urea. and sodium chloride 


APPARATUS AND METHODS 


[wo methods were here employed to study the behavior of 
hydrates. The first involved a glass capillary within which the 
hydrocarbons mercury. The 
second made use of a double-ended weighing bomb technique. * 
Phe glass capillary equipment has been described elsewhere. 
\ schematic drawing of it is presented in Fig. 1, where the 
arrangement of the agitator and mercury reservoir is shown 
in some detail. The lower part of the glass capillary, D, wa 
enlarged to afford space within which the fluids used in the 
could be stored at low after their 
introduction through the valve. G. The temperature of the 
capillary was controlled by the circulation of a hydrocarbon 
oil of low agitated bath, B, through the 
vacuum jacketed column, C. The pump. A, was employed for 
the circulation of this oil. A relatively clear view of the capil 
lary tube, D, was obtained through the vacuum jacket. Mer- 
cury was introduced into the lower part of the vessel, E, from 


and water were confined over 


investigation pressures 


viscosity from the 


SCHEMATIC VIEW OF ARRANGEMENT OF GLASS CAPILLARY. 
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FIG. 2 — ARRANGEMENT OF EQUILIBRIUM BOMB EQUIPMENT. 


the chamber, /, and the pressure within the system was deter- 
mined by means of the balance, H.** The latter instrument 
was used in conjunction with the steel U-tube. J, which was 
arranged so as to permit elevation control of the mercury-oil 
interface in one of the arms of the U-tube. The uncertainty 
in the measurement of pressure was estimated to be 0.2 psi 
or 0.1 per cent, whichever was larger. Agitation within the 
capillary was provided by means of a stainless steel spiral, 
K. which the shaft, L, through the packing 
gland, M. The glass capillary was introduced into the vessel. 
E, through the packing gland. F. 


was driven by 


The temperatures of the observations were determined by 
means of copper-constantan thermocouples used in conjunction 
with a double potentiometer of the White type having a range 
of 10,000 microvolts. The thermocouples were calibrated by 
means of a strain-free platinum resistance thermometer, the 
characteristics of which had been established by the National 
Bureau of Standards. The temperature of the exterior surface 
of the capillary tube was known within 0.2°F relative to the 
international platinum scale. The total effective volume of the 
capillary was determined from the elevation of the mercury 
interface relative to the closed end of the tube, which had 
been previously calibrated by weighing quantities of mercury 
withdrawn from the filled tube. The total volume of the system 
cent except in the con- 
densed regions when the volumes were so small that the uncer- 
tainties may have been as large as three per cent. The eleva- 


was believed known within one pet 


tion of the mercury interface relative to the closed end of the 
glass capillary was determined by means of a cathetometer. 

rhe desired amounts of the hydrocarbons to be investigated 
were introduced gravimetrically as has been described.” The 
quantity was checked by volumetric measurements under con 
ditions at which the specific volumes of the hydrocarbons in 
question were known.” The proper quantity of water was then 
added and the amount established from the change in the total 
resulted from the 
mutual solubility of water and the hydrocarbons. Appropriate 
corrections were made for 


volume of the system. A small uncertainty 
such solubilities and uncertainties 
greater than one per cent were not experienced in determin- 
ing the quantity of water and hydrocarbon employed. 


The temperature then reduced below that at which 
formed. It brought to the 
value chosen for the investigation of the isothermal change in 
total volume with pressure. The phenomenon of partial melt- 


ing and the decomposition of the last trace of the hydrate 


was 


hydrates were was subsequently 


phase were followed in some detail by such isothermal investi- 
gations. Similar studies were made under isobaric conditions. 
However, it was found that as a result of the longer time 
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required to obtain thermal equilibrium, the isobaric studies 
were much less effective than those made at a constant tem 
perature. The majority of the results presented here have been 
obtained from isothermal investigations. 

Che equipment employed to determine the composition of 
the coexisting phases in the propane-propene-water system is 
shown schematically in Fig. 2 
bomb. B: the 
drawing mercury from the vessel. 4: 


shown at D. E. and F 


ended equilibrium vessel 


It invelved the equilibrium 
agitator, H: a means of introducing or with- 
and a sample withdrawal 
system \ photograph of the double- 
used in these investigations is pre- 
sented in Fig. 3. The details of the design of this equipment 
Desired 


and water were introduced into the equ |.brium bomb, B. of 


are already available. quantities of hydrocarbons 
Fig. 2 and the whole was brought to temperature equilibrium. 
Agitation was accomplished by oscillation of the equilibrium 


After 


raised by the 


vessel about an axis symmetrical with and normal to it. 
hydrate had formed, the 
introduction of from the chamber, A, 


been pressure was 


mercury and agitation 
continued until there was no further change in pressure with 
time at a constant temperature. The pressure and temperature 
measurements were carried out in a similar manner and were 
of comparable accuracy to those described for the glass capil 
lary equipment 

After equilibrium had been obtained, the liquid phases 
further 
the temperature and pressure within 


were displaced from the equilibrium vessel. B. by 
introduction of mercury 
being held constant. A small internal filter was located in one 
end of the bomb, B, to prevent removal of the hydrates. After 
the liquid phases had been displaced from the equipment. the 
part and the 
sufhiciently to decompose the hydrates. The displaced 


mercury was withdrawn in temperature was 
raised 
hydrocarbons were dried and the gain in weight of the drier. 
FE, was considered to be the water associated with the hydro- 
carbons. The change in weight of the weighing bomb or of the 
The excess 
mercury displaced through the vessel, B, of Fig. 2. 
lected in the trap. D. After this trap 


weighed. evacuated. ‘and reweighed. Any loss in weight was 


gas sampling bulb was treated as hydrocarbon. 
Was col- 
displacement was 
considered to result from the presence of water and this weight 
was added to that collected in the drier, E. 

After the hydrate had been decomposed, mercury was again 
the vessel. B, from A and the hydrocarbon- 
and water were collected in the gas sampling bulb attached 
at F drier. E 


mitted the total quantity of hydrocarbons and of water to be 


introduced into 


and the respectively. These procedures per- 
accounted for with an uncertainty of not more than one pet 
The distribution of the and 
was determined by 


cent propane propene in the 


hvdrecarbons withdrawn catalytic hydro- 
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Table | Three-Phase States: for Propane-W ater 





Svstem 


Phases Present 


INCH 


296.8 Hydrate, aqueous liquid, and hydrocarbon liquid 


HYDROCARBON LiQuio | 214.2 Hydrate, aqueous liquid, and hydrocarbon liquid 
99.2 Hydrate, aqueous liquid, and hydrocarbon liquid 


P AND AQUEOUS LIQUID 60.0 39. Hydrate, aqueous liquid, and gas 
14.2 Hydrate, aqueous liquid, and gas 
HYDRATE 34.9 Hydrate, aqueous liquid, and gas 
AND 
AQUEOUS 
-— LIQUID 











Three-Phase States for Propene-Water 


System 


caer | a ture F Phases Present 


74.9 Hydrate, aqueous liquid, and gas 


POUNDS PER SQUARE 





78.6 3. Hydrate, aqueous liquid, and gas 





88.5 3 Hydrate, aqueous liquid, and gas 
98.6 Gas, aqueous liquid, and hydrocarbon liquid 





100.9 Gas, aqueous liquid, and hydrocarbon liquid 


GAS AND AQUEOUS LIQUID | 129.0 57 Gas, aqueous liquid, and hydrocarbon liquid 


132.6 Gas, aqueous liquid, and hydrocarbon liquid 


w 
°o 





PRE SSURE 


159.8 i Gas, aqueous liquid, and hydrocarbon liquid 


eo AUTHORS 98.2 34.5 Hydrate 


, aqueous liquid, and hydrocarbon liquid 


$ DEATON AND FROST 207.7 Hydrate, aqueous liquid, and hydrocarbon liquid 


~~ WILCOX, CARSON 308.3 35. Hydrate. aqueous liquid, and hydrocarbon liquid 
4 , 
ys AND KATZ 
ax 

















40 60 Table II] — Three-Phase States* for Ethane-Water 
TEMPERATURE “i System 


FIG. 4— LOCUS OF THREE-PHASE STATES FOR PROPANE-WATER SYSTEM Isobaric Measurements 


Temperature, 


4.1 
19.4 
52.7 
57.6 





and aqueous liquid 





HYDROCARBON) LiIQuiD 


AND 


HYORATE T T hase States* f. y ne ate 
ame ' AQUEOUS LIQUID Table IV Three-Phase States* for Ethene-Water 


AQUEOUS | 


| 
Liquid -* *ressure Tempera Pressure, Tempera- 
ture I psia ture, 


8 
s 


System 


Isobaric Measurements 
143.6 34.7 322.2 47.4 
168.3 41.4 
179.9 11.3 
203.6 42.0 
257.3 43.0 
280.9 15.) 
$02.4 13.7 
GAS AND 513.3 


185 PER SO iN ABs 


3 


PRESSURE 


o 
yg 


v 
° 


AQUEOUS LIQUID Isothermal Measurements 
29.9 258.6 
32.0 302.6 
34.6 335.3 
39.0 102.3 
$1.3 440.2 


so 60 fe) 
TEMPERATURE oF 43.7 








*Gas, aqueous liquid, and hydrate 


FIG. 5 — LOCUS OF THREE-PHASE STATES FOR PROPENE-WATER SYSTEM 
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FIG. 6 — LOCUS OF THREE-PHASE STATES FOR ETHANE-WATER SYSTEM 


The relative quan 
tity of propane and propene was established within 0.003 mole 


genation of the unsaturated hydrocarbons. 


fraction. 
MATERIALS 


The ethane used in these studies was obtained from the 
Carbide and Carbon Chemicals Corp 
repeated fractionation in a glass column packed with small 
The purified material contained enough impurities ty 
vield approximately two lb change in vapor pressure at 70° | 
as a result of a change in quality from 0.2 to 0.9. The ethane 
was prepared by catalytic dehydration of purified ethyl alcohol 
by contact with aluminum oxide at approximately 840°F and 
atmospheric pressure. The crude ethene was purified by frac- 
tionation in the the purification of 
ethane. The refined material showed less than 0.6 psi change 


in pressure from dew point to bubble point. These samples 


and was purified b, 


helices. 


same column used for 


were stored in stainless steel weighing bombs before use. 
[he propane and propene were obtained from the Phillip 
Petroleum Co. An analysis submitted by the company ind’- 
ated that the propane contained less than one per cent of 
impurities. However, the olefin sample may have had as much 
as one per cent of material other than propene. The propene 
was purified by fractionation in the column previously d 
scribed and was believed to contain not more than 0.002 mole 
was found that the 
hydrate 


fraction material other than propene. It 


decomposition temperatures for propene prepared 
from the crude and from the purified propene agreed within 
O.1°F. 

The water employed was obtained from laboratory distilled 
stocks 


remove dissolved gases. 


were fractionated once before u-e in order t 


which 
EXPERIMENTAL RESULTS 


The experimental results for the propane-water and _ the 
propene-water systems at three-phase states are recorded ij 
lables I and II and in Figs. 4 The data of Deaton and 
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and Wilcox, Carson and Katz" have been included in 
rhe present measurements for the propane-water sys 


Frost 
Fig. 4. 
tem are in good agreement with those of the other investiga 
tors. The four-phase pressure of the propene-water system 
approximately 10 psi higher and occurred at a tempera- 


7°F lower than the propane-water system. 


Was 
ture 

Information concerning the ethane-water and ethene-water 
Tables III and IV 
data have been segregated into isobaric and isothermal meas- 
urements as described earlier. The data of Roberts 
Brownscombe and Howe’ have been included in Fig. 6 along 
with the present data for the ethane-water system. Two four- 
phase states are presented in this diagram. No experimental 
data are available for the three-phase equilibrium involving 
and aqueous liquid or for the three-phase equi- 
librium involving gas. ice, and aqueous liquid; however, these 
latter be established with but small uncertainty 
from the behavior of The results of the investigation 
under isothermal conditions 
These data represent the three-phase 
hydrate, and aqueous liquid. The 


systems is recorded in respectively. The 


Was 


hydrate, ice, 
states may 
water 
of the ethene-water system are 
Fig. 7 
equilibria involving gas 
measurements made at constant pressure with a change in 


presented in 


temperature gave slightly lower values of the decomposition 
the hydrate than obtained the 
studies involving a change in pressure at constant temperature 


temperature of were from 
\ limited series of measurements was made of the propane- 
In these studies the ratio of the mole 
maintained at a fixed 
* In this 
in the 


propene-water system. 


fraction of propane to propene was 


systems. 


defined 


value as has been done for other ternary 


instance the composition parameter C may be 


following way 


(1) 
a a 
and \ 


the subscript 


In this equation n is the mole fraction in the system 


the mole 


} and Ill 


fraction in the liquid phase whereas 


refer. respectively. to propane and propene. Th 
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experimental techniques were similar to those used in the 
propane-water and the propene-water systems. The hydrat¢ 
was made up of translucent crystals which became substan 
tially transparent upon partial melting. The e*perimenta! 
work indicated that the mixed hydrates decomposed over a 
range of temperatures at a given pressure. The first trace 
of hydrate decomposition under isobaric conditions occurred 
at a temperature between that corresponding to the decompo 
sition of pure propane hydrate and of pure propene hydrat: 
In Table \ 
and temperature at which hydrate initially decomposed fo 
two different mixtures of the restricted ternary system. A 
indicated by the phase rule for a three-component system. a 
three-phase locus possesses two degrees of freedom and _ the 
four-phase state is univariant. 


are reported corresponding values of pressur 


The behavior of the two mixtures investigated is show 
graphically in Fig. 8. At a given pressure the temperatur: 
at which the hydrate begins to melt is a funetion of the 
parameter C. Such behavior appears to occur both for the 
ternary equilibrium involving hydrate. aqueous liquid, and 
hydrocarbon liquid and for the equilibrium including hydrate 
aqueous liquid, and gas. The mixtures behave essentially as 
binary two-phase systems because of the very limited solubility 
of hydrocarbon in the aqueous phase and the small amount 
of water present in the gas phase. From the smoothed data 
for the equilibrium behavior of hydrate. aqueous liquid, and 
gas, together with the assumption of no intersolubility of the 


Table V—Three-Phase States for a Restricted Propane- 
Propene-Water System 

Tempera- 

ture, °F 


Pressure, 


psia Phases Present 


C = 0.5246 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Aqueous liquid, hydrocarbon liquid, and gas 
Aqueous liquid, hydrocarbon liquid, and ga- 
Aqueous liquid, hydrocarbon liquid, and gas 


33.0 
34.3 
34.1 
34.2 
34.6 
35.6 


43.6 
51.3 


wwenuw 
30 So 


Aqueous 
Aqueous 
Aqueous 
Aqueous 
Aqueous 


liquid, hydrocarbon 
liquid, hydrocarbon 
liquid, hydrocarbon 
liquid, hydrocarbon 
liquid, hydrocarbon 


liquid, 
liquid, 


and gs 
and ga 
and g%s 
and hydr 
and hydrat 


liquid, 
liquid, 
liquid, 


and hydr: 
and hydr 
and hydrat 
and hydr 
and hydrat 
and hydr 
and hydri 


w 
x 


Aqueous liquid, hydrocarbon liquid, 
Aqueous liquid, hydrocarbon liquid, 
Aqueous liquid, hydrocarbon liquid, 
Aqueous liquid, hydrocarbon liquid, 
Aqueous liquid, hydrocarbon liquid, 
Aqueous liquid, hydrocarbon liquid, 
Aqueous liquid, hydrocarbon liquid, 
C = 0.3148 
aqueous liquid, and gas 
aqueous liquid, and gas 
aqueous liquid, and gus 
Hydrate, aqueous liquid, and gas 
Hydrate, aqueous liquid, and gas 
Aqueous liquid, hydrocarbon liquid, 
Aqueous liquid, hydrocarbon liquid, 
Aqueous liquid, hydrocarbon liquid, and gas 
: Aqueous liquid, hydrocarbon liquid, and hyd: 
37: Aqueous liquid, hydrocarbon liquid, and hydrat: 
37.1 Aqueous liquid, hydrocarbon liquid, and hydr 


m Wo we whys intone ic mt 


Hydrate, 
Hydrate, 
Hydrate, 


and ga- 
and gus 
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Table VI 
lated Three-Phase Pressures for the Propane-Propene- 
Water System 


Comparison of Experimental and Calcu- 


Composition Pressure Pressure” 
i aramete 


( UXperimental 


10°F 


Experimental Calculated 


70°F 


Calculated 


145.6 
144.2 
140.3 
133.7 


145.8 
144.5 
140.8 
133.9 


0.3148 92.0 
0.3711 914 
0.5246 88 

0.7589 84 


92.0 
91.1 
88.5 
84.2 


Defined in Equation (1) 
Pressures expressed as psia 


water and hydrocarbons in liquid phases and of an ideal solu- 
tion in the gas phase, it is possible to compute the correspond- 
ing values of equilibrium pressure and temperature for chosen 
values of the parameter C. By utilizing recently available 
data” such calculations were made for temperatures of 40 
and 70°F and were used as the basis for the series of curves 
in that range in Fig. 8. It appears from the 
correspondence experimental points and the 
curves and from the comparison shown in Table VI that the 
the propane-propene-water system at low 
temperatures be predicted with reasonable 


temperature 
between the 
behavior of pres- 


sures and may 
accuracy as long as hydrate is not formed. 

By means of theweighing bomb techniques which have been 
earlier in this measurements were 


made to determine the composition of the coexisting hydro 


described discussion 14 


carbon and hydrate phases in the three-phase equilibria in 
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FIG. 9 — PRESSURE-TEMPERATURE DIAGRAM FOR RESTRICTED PROPANE 
PROPENE SYSTEM AT 400 PSI 


volving hydrate. The results of these measurements are avail 


able elsewhere.” All measurements were made at a pressure 
of 400 psi and at temperatures between 32° and 39°F. The 


values of the equilibrium ratios for the components in the 
hydrocarbon liquid and hydrate phases were near unity. It 
Was necessary to carry out a relatively large number of meas 
urements in order to make sure that the results obtained were 
trustworthy. The standard deviation of five measurements for 
which complete data were obtained was 0.011. One measure 
ment was discarded because of an excessive deviation, and no 
hydrate was formed in the remaining eight measurements. It 
ippears that the hydrates may form a solid solution. The 
composition of the solid hydrate phase or phases follows 
closely that of the coexisting hydrecarbon liquid phase. 

By combining the data obtained from the direct measure 
ments of the composition of the coexisting phases and those 
shown in Fig. 8 it is possible to construct a temperature 
composition diagram for the hydrocarbon phases. It should 
he realized that this diagram corresponds to a restricted tet 
nary system in which there exists an excess of the aqueous 
liquid at all compositions. Fig. 9 is such a temperature-com- 
position diagram for a pressure of 400 psi. Data regarding 
the compositions of the coexisting phases were employed to 
iid in establishing the aqueous liquid, hydroecarbon-liquid 
boundary curves and they involve somewhat more uncertainty 
than does the aqueous liquid-hydrate boundary which also 


is presented in Fig. 9. 
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NEUTRON DERIVED POROSITY-INFLUENCE OF BORE 
HOLE DIAMETER 


C. B. SCOTTY AND E. F. EGAN, MEMBER AIME, THE TEXAS CO., BELLAIRE, TEX. 


INTRODUCTION 


The neutron-gamma log has been used for stratigraphi 
correlation by the oil industry for a number of years. In the 
past few years, the quantitative application of the log to pro 
vide information with respect to porosity has received con 
attention. The 
interpretation has been pointed out in the literature. lt 
shall be the purpose of this paper to develop by empirical 
means a method whereby the relationship of porosity to neu 
tron-gamma deflection may be predicted for various bore hole 
diameters. This relationship is applicable to the present com 
mercially available neutron-gamma log run in open hole. Data 
available at present are insufficient to establish similar corre 
lations for cased holes. Through the development of such a 


siderable basic concept of quantitative 


correlation, the importance of the various factors which influ 
ence the log become evident. 


NEUTRON-GAMMA CURVE 


The logging tool consists of a source of neutrons and a 
means of detecting and measuring gamma rays, the detector 
being shielded from the direct emission from the source. The 
gamma rays reaching the detector have three sources of origin 
(1) the natural gamma radiation emitted by the formations 
(2) induced gamma radiation resulting from neutron bom 
bardment, (3) gamma rays emitted by the source and scat 
tered by the formation. 

It has been found that a neutron derived porosity correla 
tion is best for Under this condition 
the natural gamma ray radiation is quite low, and therefore 
will be neglected in this work. 

The induced gamma ray radiation 
bombardment is predominantly a function of the hydrogen 
atom concentration of the substance penetrated. Due to the 
geometry of the presently neutron-gamma 
radioactivity opposite high hydrogen con 
centration and high radioactivity low 
concentration (Figs. 1 and 2). Having a curve which measures 
hydrogen atom concentration, it follows that if the matrix 
of the formation penetrated consists only of atoms other than 
hydrogen. and if the fluid filling the pores is either oil o1 
water, the curve should be an indication of porosity (both 
oil and water have practically the same number of hydrogen 
atoms per unit volume). The above criteria for a porosity 
correlation are fulfilled in clean sandstones and limestones in 
which the pore volume is completely filled with liquids (oil 
or water). but not in formations containing either free gas 


shale-free formations. 


resulting from neutron 


used system, the 
curve indicates low 


opposite hydrogen 
PI - 


or shale or both. 

Free gas. even under pressure. contains considerably less 
hydrogen per unit volume than oil and water; therefore, a 
variation in response on the curve would be expected. Camp 
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bell Winter, 


concentration is sufficient to distinguish between sands con- 


and indicate that this difference in hydrogen 


taining water or oil and those containing dry gas. 

Shale is a mineral that contains hydrogen in its molecular 
structure in addition to the hydrogen which is present in 
the water of hydration. Thus, in formations containing variable 
amounts of shale. the hydrogen concentration indicated by the 
curve is not a direct indication of porosity. Bush and Mardock' 
have indicated that a correction may be made by use of the 
gamma ray curve to provide a porosity correlation. 

Since the induced predominantly a fune- 
tion of hydrogen concentration, it would be anticipated that 
the fluid filled bore hole would materially influence the logs. 
It has been pointed out that the neutron-gamma curve response 


gamma rays are 


with increase in hydrogen concentration, therefore, 
the response due to the 


creases with increase in fluid filled bere hole diameter. 


decreases 


induced gamma ray component de- 


The scattered gamma ray component of the log increases 


with increase in bore hole diameter. Although there is an 
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FIG. 1 — NEUTRON DERIVED POROSITY CURVE. 
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= INFLUENCE OF BORE HOLE 

Gama far NEUTRON - Gamma 
AADIATION (INTENSITY (NCREASES - | ° In order to determine the influence of bore hole diameter 
-. PA ; on the neutron gamma porosity correlation, the factors con 
= f } trolling the slope and intercept of the curves must be analyzed. 


« 


2 The induced gamma ray component of the log determines the 
Pd slope of the curve. whereas the intercept is dependent upon 
c both the induced and scattered gamma ray components. 

: The variation in intercept with hole size may be removed 
by selecting a base line on the log. In the past it has been 
found convenient to use the shale as a reference. Howeve 
it was not possible in every case to establish a shale base line: 
therefore, the equivalent porosity of the shale of 50 per cent 
was selected as the base line (see Fig. 1). Such a correlation 
is readily developed by transposing the proper slope of the 
porosity correlations developed wherein the curve intersects 
0 per cent porosity at zero deflection. In essence, this pro 
duces a neutron derived porosity correlation with a shale base 
line. This correlation for the various bore hole diameters in 
the Canyon Reef is shown in Fig. 3. 

Having developed a series of porosity correlations with 
a common intercept, it is now possible to relate the influence 
of bore hole diameter to the slope of curve. Since it has been 
shown that the neutron-gamma log responds logarithmically 
to liquid filled porosity, it may be anticipated that the volume 
of the fluid in the bore hole may influence the induced gamma 
ray component of the log in a like manner. This may be 
shown by a plot of the equivalent bore hole area vs neutron 
deflection from the shale base line for any given value of 
influence due to the density of the formation, with the present porosity. Fig. 4 represents such a plot en semi-log graph 
commercially available instrumentation the scattered gamma 
ray component is essentially constant for a given bore hole 
diameter. This means that the scattered gamma ray compo 
nent causes a shift of a fixed amount on the neutron-gamm 
log response for various bore hole diameters. 


POROSITY CORRELATION 
NEUTRON DERIVED POROSITY CURVES | 
It has been shown that the neutron-gamma log respond- SMALE BASE LINE 
logarithmically to liquid filled porosity. Such a corre _OPEN HOLE CORRELATION 


lation is established empirically by plotting the neutron-gamma Om, 
deflection from a convenient base line (instrument zero or : 5 
shale base) as the abscissa and the porosity as the ordinate 6 
on semi-log graph paper and drawing a straight line through . 
the points. An example of such a correlation is shown in 2 
Fig. 1. Fig. 2 is a reproduction of a neutron-gamma log from 
the Canyon Reef of West Texas and the corresponding core 
analysis from which the above correlation was developed 
It will be noted from Fig. 1 that the neutron-gamma deflection 
is plotted in “standard units.” The “standard unit” represent- 
the neutron-gamma curve deflection from the base line of 


correlation measured in inches divided by the sensitivity of 


-%* 


the log. This nomenclature supplies a quantity which is 
applicable to any log irrespective of sensitivity. Such a corre 
lation may be established using any convenient base line 
instrument zero or shale base line. However. it should be 


PorROoSsiITY 


pointed out that the use of instrument zero would provide a 
correlation which is applicable in any area; whereas the 
application of the shale reference correlation is limited to 
an area in which it can be ascertained that the hydrogen 


. \ jh + 
content of the shale is constant . 
Empirical porosity correlations such as that shown in Fig. | ) 2 (o} 
\ 


have been developed for five bore hole diameters. These open 


hole correlations were developed from core analysis data \ 


obtained in the Canyon Reef of West Texas. An analysis of —a 7) 
NEUTRON DEFLECTION - STANDARD UNITS 


\ 
\ 


these correlations has provided a basis for the development 
of relationships necessary to predict the neutron derived pore 
ity correlation for various bore hole diameters. FIG. 3 — NEUTRON DERIVED POROSITY CURVES 
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paper wherein the neutron deflection was obtained from 
Fig. 3 at one per cent porosity. The equivalent bore hole area 
is the area of the bore hole minus the area of the logging 
sonde (35-in. diameter). 

The variation in intercept with hole size may be readily 
demonstrated by a plot of neutron-gamma deflection from 
instrument zero for a fixed porosity vs bore hole diameter. 
Fig. 5 is a plot of the neutron-gamma curve deflection from 
instrument zero to the shale base line (50 per cent equivalent 
porosity) vs bore hole diameter. As stated previously the 
intercept is dependent upon both the induced and scattered 
gamma ray components. Whereas the two components cannot 
be separated with the data available, it may be stated that 
the induced gamma ray component is the predominant factor 
in small holes; that is, six in. or less. The scattered gamma 
ray component becomes predominant in larger sized holes. 
The dotted portion of the curve indicates the anticipated trend 
of the scattered gamma ray component with further increase 
in bore hole diameter. 

It will be noted from Fig. 5 that 
scatter of data. This scatter is attributed to non-producibility 
of instrument zero since the two data points for 77,-in. hole 


there is considerable 


were obtained from repeat runs in the same hole. 


CALCULATED NEUTRON -GAMMA DERIVED 
POROSITY CORRELATIONS FOR OPEN HOLE 
OF VARIOUS DIAMETERS 


Having established the influence of bore hole diameter on 
the induced gamma ray and scattered gamma ray components, 
it is now possible to calculate liquid filled neutron-gamma 
porosity correlations for shale-free formations. Figs. 6 and 7 
show open hole porosity correlations for the more common 
bore hole sizes as calculated from Figs. 4 and 5. 

An examination of these carves reveals several critical 
influence the 
neutron-gamma logs. The sensitivity of the 


curve to changes in porosity decreases with increase in bore 


factors which quantitative interpretation of 


neutron-gamma 


hole diameter. This requires an accurate determination of 
instrument zero if reasonable estimates of porosity are to be 
obtained in large holes. Of even more importance is the large 
influence of small changes in bore hole diameter on the log 
This becomes evident when curves 
A change in bore 


when run in large holes. 
three and four of Fig. 7 are compared. 
hole diameter of one quarter of an inch (8°%4 in. to 9 in.) 
corresponds to a large change in the neutron derived porosity. 
The scattered gamma ray component is primarily responsible 


for this shift. 


STATISTICAL ERROR AND REPRODUCIBILITY 
OF THE NEUTRON-GAMMA LOG 


In order to determine the reproducibility of the log and 
the magnitude of statistical error, repeat logs were obtained 
in the same hole at two different sensitivities. Fig. 8 is a cros< 
plot of the neutron-gamma deflections of the two logs 


SUMMARY AND CONCLUSIONS 


Empirical 
gamma porosity correlations for open hole conditions may be 
calculated for fluid filled hole diameters. Al- 
though the correlations were developed from the Canyon Reef 
of West Texas, they are applicable to other liquid filled forma 
tions substantially free of shale. The correlations developed 
are only valid for the commercially available neutron-gamma 
instrumentation as run at 
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correlations are presented whereby neutron- 


various bore 


present. 
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3°@ 5" SENSITIVITY DEFLECTION COMPARISON 
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DEFLECTIONS FROM INSTRUMENT ZERO 


FIGURE NO. 8 
2 5 ‘ s 
DEFLECTION IN INCHES (31° SENSITIVITY) 


FIG. 8 THREE AND FIVE IN. SENSITIVITY DEFLECTION COMPARISON 


The application of these neutron gamma _ porosity corre- 
lations should provide a good means of estimating porosity 
in wildcat wells wherein the bore hole diameter is less than 
eight in. In holes, the influence of small changes in 
bore diameter materially influence the log: therefore, an accu 
rate knowledge of hole diameter is required. Porosity inter- 
pretation in large bore holes is further hampered due to 
decrease in the neutron-gamma log response to changes in 
porosity with increase in bore hole diameter. This factor can 
be minimized by a more accurate determination of instrument 


large 


zero. 
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ABSTRACT 


\ technique is presented by which well samples and core 
plugs of dolomite formations are classified by microscopic 
examination into seven different porosity grades. Quantitative 
values of porosity and permeability are determined for each 
grade by a statistical correlation of the core plug test data 
with the porosity grading system. These quantitative value- 
are applied directly to the grades exhibited in the well sam 
ples for the purpose of estimating the reservoir void space 
for wells that were not cored. 

The procedure is described for estimating the gas reserves 
per unit area for the South Hugoton gas field. but a reserve 
estimate for the field is not given. 


INTRODUCTION 


The miscroscopic examination of well samples and_ the 
graphic recording of their lithologic qualities and other dis 
tinguishing characteristics of various geologic formations 
drilled is both a science and an art of long standing and wid: 
application. Usually the primary objective of a geologist who 
“sits on the well” and examines the samples are: to identif) 
the formation being drilled, determine the total depth, casing 
point, and completion interval. In most cases the porosity is 
described, if done at all. in general terms. such as: trace 
scattered, fine, poor. fair, medium, good. excellent, or in some 
other relative terms. In fields where various geologists have 
examined samples and recorded observations on many wells 
considerable variations in lithologie terms and porosity de 
scriptions occur unless there is primary effort to establisl 
uniformity of logging observations and standards of recording 
observable porosity. 

When an estimate of the pore volume of a reservoir is made 
a geologic concept of the processes that control the magni 
tudes of porosity and permeability is developed by microscopic 
examination of well samples. The characeristics and appear 
ances are then mentally related to rather general quantitative 
units of porosity based on physical core data from the same 
reservoir or on such data or experience in other reservoirs 
that have similar qualities. The reliability of such estimates 
depends largely on the variations of the lithology of the 
formations, the geometric properties of its void system. the 
extent of comparisons of sample appearances with porosity 
data, as well as the uniform recording of all relevant char 
acteristics. This statement is particularly significant for dolo 
mitized limestone formations of substantial thicknesses and 
heterogeneity such as the Permian Dolomites of the Hugoton 
gas field. In this field. as well as in most of the Permian 
Dolomite fields, the producing formations are of relativel) 
great thicknesses in which the porosity and permeability of 
the reservoir varies substantially in all directions, depending 
on the crystalline structure. degree and kind of impurities 
kind of fossils and cementation thereof, degree of dissolution 

Manuscript received in the Petroleum Brarch office August 23, 1 


Paper presented at the Petroleum Branch Fall Meeting in New Orlean 
La., Oct. 4-6, 1950 


Vol. 195, 1952 


and fracturing. The variations of the lithologic texture of 
the dolomites and post deposition alterations have resulted 
in porosities and permeabilities of such magnitudes that only 
a part of the gross thickness can be counted as “pay.” At the 
time of this study insufficient gas production had been experi- 
enced to apply the pressure decline production method in the 
South Hugoton Field and the electric logs are not definitive 
enough. The problem of estimating gas reserves in the south 
part of the Hugoton Field is primarily one of determining 
the pay thickness and porosity from well samples and core 
data. The area studied embraced all that part of the field 
lying south of an east-west line through Guymon, Okla., and 
containing approximately 1,000,000 acres. 

This paper describes a technique of correlation of physical 
core data with well samples so that quantitative values of pay 
thickness, porosity. permeability, and connate water may be 
assigned to well samples that are representative of a given 
interval, and thereby permitting the estimation of gas reserves 
for a given unit area. The procedure was developed by a 
uniform microscopic qualitative porosity grading of the dolo- 
mite core plugs. and relating these grades to the respective 
physical core data on a statistical basis. The well samples 
were also graded in a similar manner in order that the quan- 
titative values established for the core plugs could be applied 
to the well samples for wells that were not cored. 


GRADING OF DOLOMITE 

\ group of experienced geologists was given the assignment 
of examining the samples on all wells in South Hugoton in 
order that they could log their observations in a uniform and 
standardized manner and grade the observed porosity so that 
it could be related quantitatively to the core data. 

The group initiated the study on chips from cores which 
had been tested for porosity and permeability. This study 
continued until all of the geologists developed a common 
knowledge of lithologic terms and of the characteristic ap- 
pearances of the samples and their relations to measured 
porosity. The characteristic appearances of the dolomite 
samples under twelve-power magnification as related to their 
qualitative porosities afforded a classification of the dolomite 
into seven grades of porosity. ranging from dolomite of no- 
visible porosity under twelve-power magnification to dolomite 
of excellent porosity. The assigned grade for a specific 10-ft 
interval is a weighted average of all visible grades of porosity 
exhibited by the cuttings representing that interval. The 
porosity characteristics were recorded by a color graph adja- 
cent to the lithology column in conjunction with a numerical 
system for further definition of relative porosity as shown in 
Fig. 1. The three vertical lines to the right of the lithology 
column each represent 331% per cent, which lines were used 
to record the percentage of the samples, for any particular 
interval, that showed porosity under the microscope. The colors 
were used to denote actual pore size. i.e., orange, blue and 
red for pore diameter of one-fourth or less, one-fourth to one- 
half. and greater than one-half millimeter. respectively. The 
area colored by one or more colors represents the percentages 
of the samples exhibiting pores of the respective size or sizes. 
The numerals from one to six inclusive shown on the log in 
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Fig. | established as grades in order of increasi 


visible porosity. The percentage of samples of no visible poros 


were 
ity, called grade 0, was not recorded on the “per cent of 
samples” graph of the log. The geologic group followed this 
procedure and worked without interruption in the relogging 
of the samples for 762 wells. It was found that grades wer: 
controlled primarily by the crystalline structure, frequency 
and size of secondary porosity, e.g., pin-point solution tubes 
and percentages of associated impurities such as anhydrite 
and chert. The assignment of porosity grades te the samples 
involved more judgment than any other element of the logging 


At this point it was necessary to determine the quantitative 
porosity corresponding to each grade in order to make mathe 
matical application of the grading system. The most feasible 
means of relating porosity and permeability to the grad 
classifications was to grade the core plugs in the same manne 
as the well samples, including the recording of the percentag: 
of the weighted average grade present. In order to avoid the 
possibility that the surfaces of the 
core plugs would result in basic differences in grading from 
that of the well samples. the plugs were chipped or broker 
for thorough examination and comparison. The results were 
found te be no different on surfaces, chipped sur 
faces, or core chips. The core plugs were graded without 
reference to their measured values of porosity and perme 
ability. The grading of the core plugs showed that not onl 
did the dolomite vary within 10-ft intervals, but also that in 
most plugs it varied within the size range of the core plug 
which is 0.75 in. in diameter and approximately 1.25 in. long 
Each plug was given a grade number and a percentage valu 
called per cent-of-grade, in units of five. which represente 
that portion of the plug of the assigned grade. The remainder 
of the plug was grade zero, impurities or both. A lithologi« 
description of the plugs was also recorded. The geologic 
group thus classified 2.077 core plugs of the producing for 
through 


observations of smooth 


smooth 


mation. The photographs in Fig. 2, Parts “a” 
are of polished surfaces of core plugs having grades z 

through six. Because of the heterogeneity of the dolomit 
the photographs are not typical of the different grades but 
do portray the general appearance of the various dolomite 


qualities. 


FIG. 3 — POROSITY-PERMEABILITY RELATIONSHIP 
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POROSITY AND PERMEABILITY 


3.434 ft of formation 
three from 
porosity and permeability 
2.722 ft were from 20 wells 


ime of this study had been 


wells. including core holes, which 


were tested for 
tof core formation 
“yee ad | “ie 
2.519 core plugs were tested. The number of core 
for examination at the time of grading was 


wells. The 


available 
from these 20 plugs from three wells were 
available 

irements were by the grain density and 
\ll values of permeability were 
Reliable values 


The porosity meas 


methods 


Washburn-Bunting 
determined by air flow 

dry permeabilities were determined to as low as 0.001 md. 
\ plot of the ind permeability values of 2.547 speci- 
nens shown on Fig. 3 disclosed a relationship similar to that 


and at dry conditions. 


porosity 


found by Bulnes and Fitting’ for dolomitic limestone. 

The porosity and permeability data derived from the 2,077 
core plugs which were graded by the geologic group were 
irranged by the plug grades, zero through six and by the 
per cent-of-grade, and plotted in chart form in order to facili 
tate the evaluation of the grading system. For convenience 
of charting and statistical reasons the core data were arranged 
within grades in percentage groups for the plugs 0 to 20, 21 
11 to 60. 61 to 80, and 81 to 100 per cent-of-grade: 
Fig. 4-a distributions by grades for the plugs 
81 to 100 per cent-of-grade and Fig. 4-b shows similar charts 


except that the porosity data for the core plugs having perme 


to 40 


shows porosity 


bility of 0.03 md and less were deleted. 

Phe distribution charts just described show that the geolo- 
o identify quite accurately the various quali 
ties of porosity in the This is best seen in Figs. 4-a 
ind 4-b, where the numerical average porosity increases grad- 
of grade numerals. While 
porosity-range in the distribution, the 
great majority of the plugs. 
increases the 
expected when cognizance is 


ists were able 
dolomite 


ially and orderly with the increase 


there ! considerable 
mits are relatively narrow for the 


The average permeability also with increase 


of grade number as would be 
given to the relationship shown in Fig. 3. When plotted by 
rades. the permeability distribution is similar to the porosity 


distribution shown in Figs. 4-a and 4-b 


Refer 


Fe POROSITY -_PERMEABILITY RELATIONSHIP FOR 
PERMIAN LOMITE 


AT SOUTH HUGOTON 


RE PLUGS (176) USED IN CAPLLARY PRESSURE ST 


FOR PERMIAN DOLOMITE AT SOUTH HUGOTON 








T.P. 3374 


O 2 4 & @ © 12 14 16 18 20 22 24 262863032 


SAMPLE GRADING METHOD OF ESTIMATING GAS RESERVES 


© 2 4 6 8 W 12 14 16 18 20 22 24 26 2863032 








GRADE 6 


li 


43 come P.veS 


GRADE 6 


43 come Pives 














GRADE 5 


30 «cone 


P.ves 


{GRADE 5 


130 COME PLES 














GRADE 4 


348 come PLUeS 


GRADE 4 


342 CORE PLUGS 





ith 











GRADE 3 


8 


$00 come P.LUEeS 


Pa 


Ne 
ie) 


6 


GRADE 3 


437 come Pives 

















6 
o 


GRADE 2 


PER CENT OF CORE PLUGS 


‘32 CORE PLUES 





ise 


—. 





PER CENT OF CORE PLUGS 


GRADE 2 


es come Piues 


— 











GRADE 1 


'@ CORE Pies 








GRADE 1 


© come Pives 

















GRADE O 


254 come Pives 











GRADE O 


77 come Pives 











o2aé64 é 6 0 12 14 16 18 20 22 24 26 28 30 32 34 
POROSITY GROUPS-PER CENT 


A) POROSITY DISTRIBUTION BY GRADES. ALL 


CORE PLUGS CLASSIFIED 81 TO 100 PER 
CENT OF THE GRADE 


FIG. 4— 





© 2 4 6 B& 10 12 14 16 18 20 22 24 26 28 30 32 
POROSITY GROUPS-PER CENT 
POROSITY DISTRIBUTION BY GRADES. AIL 
CORE PLUGS GREATER THAN 0.03 MD 
PERMEABILITY AND 81 TO 100 PER CENT 
OF THE GRADE 


X — NUMERICAL AVERAGE POROSITY 


Not only does the numerical average porosity increase with 
increasing grade but it also increases with the increase of 
per cent-of-grade within the different 
the average porosity of the core plugs 81 to 100 per cent-ol- 
grade is higher for each grade than that for the core plugs of 
61 to 80 per cent-of-grade and so on for the lower ranges of 
per cent-of-grade. This is evidence of the validity of dividing 


grades. Specifically. 


the core plugs into per cent-of-grade groups. 
At this point, the question arose as to what per cent-of-grade 
corresponded to the grade assigned to the samples for a given 
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interval of a well sample log. Since the samples were divided 
into dolomite of a given grade, above grade zero, and dolomite 
of no-visible porosity, the core plugs which correspond to that 
grade of the samples is 100 per cent-of-grade. The 81 to 100 
per cent-of-grade group for all grades was selected to repre- 
sent the characteristics of the different grades since there were 
insufficient plugs of 100 per cent-of-grade to provide a satis- 
factory statistical The of this group resulted in 
slightly lower porosities and permeabilities than would have 
been the case for plugs of 100 per cent-of-grade. 
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CONNATE WATER 

The connate water was estimated from the results of capil- 
lary pressure experiments on 179 core plugs that were selected 
so that the full range of permeability would be evaluated. The 
plugs were saturated with distilled water and placed on a 
porous ceramic plate in an air-pressured chamber. Most of 
the plugs were tested for saturation after having set in the 
air chamber for 5 to 14 days at a pressure of 40 psig. The 
water saturations and the corresponding permeability data 
were plotted on Fig. 5 and a curve drawn for the estimation 
of connate water values for the various grades. 


CALCULATIONS OF FACTORS FOR DETERMI- 
NATION OF RECOVERABLE GAS 


The core data for the plugs of permeability of 0.03 md and 
less were deleted because it was judged after extensive study 
that dolomite of this character would contain only very small 
quantities of gas due to relatively low porosity and high 
connate water and that this dolomite would not yield its gas 
to the well bore in a reasonable period of time. This deletion 
therefore. required the determination of the percentage o 
the total dolomite that may be called “pay.” This percentage 
is termed “effective-fraction-of-grade” and is simply the ratio 
of the number of core plugs of 81 to 100 per cent-of-grade 
with a permeability greater than 0.03 md to the total plugs 
81 to 100 per cent-of-grade. For example, the “effective-fra 
tion-of-grade” factor for Grade 3 is the number of plugs shown 
on Fig. 4-b (437) divided by the number of plugs shown on 
Fig. 4-a (500) or 0.874. Also, this deletion required a rede 
termination of the average permeability of the respective 
grades. Such values are numerical averages. The results of 
these calculations are summarized in Table I. 

The statistical base afforded by the large number of core 
plugs available permits the application of this “effective-frac 
tion-of-grade” to the well samples of given grades to determine 
that portion of the dolomite interval that has permeability 
greater than 0.03 md and. therefore. may be counted as “pay.” 
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These factors are applied to the well sample logs by 10-ft 
intervals in order to arrive at the effective-grade-feet which is 
the footage for a given interval of known grade that has per- 
meability greater than 0.03 md. 

The gross porosity for the geologic grades was the numeri- 
cal average porosity of the core plugs more than 81 per cent 
of that grade and having a permeability greater than 0.03 md 
(shown on Fig. 4-b and tabulated on Table I). The above 
core plugs in each geologic grade were divided into perme- 
ability groups and the numerical average permeability and 
gross porosity of the plugs in each group was determined. 
From Fig. 5 the connate water corresponding to the numerical 
average permeability in each permeability group was read. 
From the gross porosity and connate water figures, the effec- 
containing gas) was calculated for 


tive porosity 
within each grade. These values 


( porosity 
each permeability group 
were weighted by the fraction of core plugs in each perme- 
ability group to obtain the effective porosity for each grade 
shown on Table IL. 

The ultimate gas of effective 
porosity in one acre-ft of reservoir was computed by the gas 
laws to be 12,069 cu ft at 14.735 psia pressure base and 60°F 
temperature base. The computation was based on the following 


recovery for each per cent 


and abandonment conditions. 


discovery 
(1) Initial reservoir 
(2) Abandonment 
(3) Reservoir temperature, °F 
(4) 


485.0 
84.0 
90.0 

Compressibility factor at original pressure 0.939 

(5) Compressibility factor at abandonment pressure * 0.991 


pressure, psia 


reservoir pressure, psia 


Table I summarizes the above reserve factors. 


APPLICATION OF RESERVE FACTORS TO 
GEOLOGIC SAMPLE LOGS 
Before an example application of the reserve factors shown 
in Table I is given, it is important to examine the credibility of 
the more significant elements of the technique developed 
herein. This credibility is dependent upon: 
(1) The uniformity and thoroughness of porosity grading of 


FIG. 5 — PERMEABILITY VS. CONNATE WATER FOR SOUTH HUGOTON 
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Table | 
Core Plugs of 81 to 100 
Per 
than 0.03 Md Permeability 


Plugs of 81 to 
Cent-of-Grade 


All Core 
Per 
Gross ( 


Permeability Porosity Permeability 
Md 


Md 
0.13 
0.71 
2.16 
3.46 
12.43 
77.02 
277.90 


Computed for Core 


Computed at 14.735 


Per Cent 
7.97 
9.14 

10.47 

10.95 

12.41 

15.32, 

20.16 


and greater 


0.37 
2.01 
3.32 
3.96 
12.64 
77.02 
977 gy 


amide 


9 
Plugs of 81 to 10( 
peia and 60°F 


per cent-of-grade 


the core plugs and well samples. 

The availability of a sufficient number of porosity and 
permeability measurements to establish reliable average 
values for the different grades of dolomite. 

The reliability of laboratory tests. 

The degree to which the porosity occurring in the sam- 
ples and cores is representative of the porosity occur- 

ring in the reservoir. 

The first three of these elements are validated by the data 
and related information. The fourth and most important de- 
serves further attention because the credibility of the tech- 
nique depends to a great extent on the degree of representa- 
tion of the in situ porosity by the cores and well samples. The 
study of 230,000 ft of samples of the formation from 762 wells, 
2,722 ft of core from 20 wells, and the performance of the 
wells during completion discloses that the void space is pri- 
marily in the form of intererystalline porosity and, for that 
reason, the well samples and the core data accurately reflect 
the porosity characteristics of the dolomite. Secondary poros- 
ity is present to some degree by dissolution and fracturing. 
Most of the solution porosity is in the form of small diameter 
tubes, small vugs and a few small solution cavities. Figs. 2-h 
ind 2-i show photographs of polished surfaces of two cores 
which demonstrate the general nature of the great majority 
of the fractures. Fig. 2-h shows the unaltered type and Fig. 2-i 
dissolution and secondary 
porosity of microscopic size and 
size is defined in the 


alterations caused by 


deposition. The secondary 


shows the 


a large portion of that of megascopic 
examination of the dolomite and therefore is evaluated by 
this procedure. 

The plot of gross porosity as a function of dry permeability 
(Fig. 3) exhibits a pattern of points of definite shape and 
size which is characteristic of porous media having inter- 
of Other 
intercrystalline system 


crystalline void normal sandstones.’ evi- 
dence of the of the 
exhibited in the porosity and permeability distribution charts 


It is notable that all such charts, including 


geometry 


nature void is 


such as Fig. 4 
one that was prepared for all plugs tested, show normal dis 
of both and permeability throughout the 


tribution porosity 


Table Il 


Application of Reserve Factors to the Total 
Grade-Ft of Example Sample Log 
Gas Reserve 


Mef per 
Acre 


Gas Recovery 
Mef per 
Acre-Ft 

51.3 
62. 
74.3 
87.: 
107. 
142. 
196. 


Effective 
Fraction 
of Grade 


0.303 
0.351 
0.644 
0.874 
1.000 
1.000 
1.000 


Geologic 


Effective 
Crrades t 


(;rade-} 
600.0 
219.8 

1461.7 
2.336.9 
2.156.0 

11.384.0 

1.961.0 


80.0 
10.0 


Totals 220.0 20,119.4 


212 


Cent-of-Grade and Greater 
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SAMPLE GRADING METHOD OF ESTIMATING GAS RESERVES 


Summary of Data and Factors for Estimating Recoverable Gas by Grades 


Recoverable 
Gas Content 
Cu Ft of Gas 
Per Acre-Ft? 
51,300 
62,800 
74,200 
87,200 
107,800 
142,300 
196.100 


Effective 
Fraction 
of Grade 


0.303 
0.351 
0.644 
0.874 
1.000 
1.000 
1.000 


Effective 
Porosity 
Per Cent 

4.25 


‘Water 
Per ( 
16.7 
43.1 ».20 
$1.3 6.15 
34.1 122 
8.93 

11.79 

16.25 


ent 


han 0.0 meability 

range of values, which is characteristic of intercrystalline 
media. This would also be the case for solution type porosity 
when its shape and size approximate that of intercrystalline 
porosity. 

The sample log shown in Fig. 1 is used to show the appli- 
cation of the reserve factors. For the sake of brevity only the 
interval from 3,100 to 3,110 is described. It is noted on the 
log that this interval is recorded as Grade 3 for two-thirds of 
the samples and the other one-third as no visible porosity, o1 
Grade 0, therefore, the interval is divided into 6.7 ft, called 
grade-ft, as Grade 3, and 3.3 ft as Grade 0. This procedure 
is followed by 10-ft intervals throughout the log and the 
footages totaled by grades. The grade-ft totals and application 
are Table II. 

CONCLUSIONS 


rhe procedure presented herein for estimating the net res- 


ot reserve tactors given in 


ervoir void space by sample grading can be applied to all 
dolomitized limestone formations which the geometry of 
its internal-void space is primarily determined by intercrys- 
talline type porosity. In reservoirs for which this procedure is 


valid the variations of porosity and permeability can be eval- 
uated from representative well samples with an accuracy 
approaching that for cored wells. It is not purported that 
this technique gives sufficiently accurate results to supplant 
core data but provides a reliable basis for augmenting and 
extending the use of such data over greater areas of the res- 
ervoir and to other similar reservoirs. 
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y Dvi f of Things 


Dues to Continue Unchanged 


Subject to formal Board approval in 
September, AIME dues will continue 
indefinitely at the present scale of $20 
for Members and Associate Members: 
and $12 for Junior Members for the 
first six years of such membership, 
thereafter $17. That is the wish of the 
Board of Directors and the will of the 
membership, as expressed in the recent 
referendum. 

Though the official returns, as re- 
ported by the tellers, are not available 
as this is written, the data are sufh- 
ciently complete to give the results to 
the nearest per cent. The total vote 
was approximately 93 per cent for con- 
tinuance of the present scale. Metals 
Branch members voted about 94 per 
cent for continuance; Mining Branch 
members slightly less than that; and 
Petroleum Branch members about 91 
per cent. As in the referendum of 1949, 
there was no particular difference of 
opinion on the question of dues as 
between the three Branches. 





as followed by EDWARD H. ROBIE 


Secretary AIME 








The percentage of ballots returned 
was about 61 per cent, only slightly 
more than in the 1949 referendum. But 
the affirmative vote was much greater, 
93 per cent against 78 per cent in the 
earlier referendum. Looked at another 
way, a majority of those to whom bal 
lots were sent, or 56 per cent, voted to 
continue the present scale of dues, 
whereas only 1645 per cent of those 
canvassed voted to raise the dues in 
the previous referendum. 

But approximately 600 members ex 
pressed their opinion that the dues 
should go back to $15 for Members and 
Associate Members and to $10 and $15 
for Junior Members 
tial group of members who either do 


This is a substan 


not think they are getting their money's 
worth from AIME membership, or be 
lieve that a more businesslike conduct 
of Institute affairs should provide cur 
rent services at less cost, or believe 
that more service is being provided for 
their dues than they need. As to the 
first point, it is probable that some 
members are not getting their money's 
worth. They perhaps have only a fringe 


AIME activities, or they 
do not or cannot participate in such 
activities at the Local Section, Division, 
or national level, so that all they get 
out of the Institute is the monthly jour- 
nal, which they do not have time to 
read. If they did read it intelligently. 
and acted upon the professional in- 
formation thus gained, it is difficult to 
understand how one or more ideas could 
not be gained that would be worth $20 
to them professionally. 

But the 600 members who want lower 
dues offer a challenge to the Directors 
and to the staff to do a better job; to 
make Institute membership so reward- 
ing that every member will be thor- 
oughly satisfied. Twenty 1935-39 dol- 
lars are worth only $11.60 now, accord- 
ing to the latest government data, but 
that makes it all the more necessary 
for us all to appraise the value of what 


interest in 


we buy. 

lo the 93 per cent of Institute mem- 
bers who expressed a vote of confi- 
dence, so to speak, the staff, and we 
feel sure the Directors as well, are most 
appreciative and thankful. 





Petroleum Branch Affairs 


Standardization of Symbols 


One of the problems inherent in the 
development of a new branch of engi- 
neering and science is the initial multi- 
plicity of symbols used to express the 
same ideas. Petroleum engineering has 
had its share of this problem, particu- 
larly during the past decade with the 
development of reservoir engineering, 
and recognition of the need to do some- 
thing about it has been growing in the 
past few years. Members from various 
places have discussed the possibility of 
standardizing the symbols used in pe- 
troleum and reservoir engineering, and 
this has culminated in the appointment 
of a Branch committee to undertake 
the project. 


The objective of the committee will be 
to develop a standard list of symbols for 
the elements, or terms, of petroleum 
engineering that are already in common 
usage. It will not attempt to draw up 
definitions for these elements or place 
them in a list of nomenclature. It will 
survey the various letter symbols that 
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are now in use and attempt to reach a 
compromise on a set to be recommended 
to the Petroleum Branch as a standard 


Work is beginning, us several com 
plete systems of reservoir engineering 
symbols have been assembled from pri 
vate and published sources. A chart has 
been made for comparison of the sys- 
tems—the elements (such as permeabil 
ity) are all listed in a column on the 
left, and all of the various symbols for 
the elements. are shown at the right. 
This permits easy review of the various 
symbols now in use for each element 
Also, the committee has drawn up a set 
of general 
project. One example is the avoidance 


principles to govern the 


of two symbols which are similar when 
carelessly written in longhand. such as 
S and s. 

A secondary objective of the commit 
tee’s work is the development of a Style 
Guide for Petroleum Branch publica 
tions, which will aid greatly in increas 
ing the technical excellence of these 


publications. The committee is assisted 
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- .. as interpreted by JOE B. ALFORD 
Executive Secretary, Petroleum Branch 








by the Branch staff on this part of the 
project. 

The committee is undertaking a big 
job, and it needs help. Interested mem- 
bers who are in a position to do so are 
urged to offer comments and sugges- 
tions. The procedure for doing so is 
easy: write Francis A. Collins, The 
Atlantic Refining Co.. P. O. Box 2819. 
Dallas, Texas, or telephone him at 
PRospect 6484. He will send you a 
copy of the comparison chart and prin- 
ciples, and you can use these as a 
basis for your comments or information 
on problems that are peculiar to your 
organization, 

The wide diversity of symbols already 
in use in reservoir engineering will 
make it difficult to arrive at any one 
set which has a broad basis in past 
usage. Yet. this diversity shows how 
helpful standardization would be in 
making our technical literature easier 
to read. The committee working on thi- 
project, and interested members who 
can help, will indeed make a contribu- 


tion to the profession. ~* * 
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Personals 





Witttam L. Horner has been elected 
vice-president of the Sunray Oil Corp. 
in Tulsa, Okla. He will retain the man- 
agement of reservoir engineering, pro- 
ration and surveying, and will continue 
to serve as a member of Sunray’s Oper 
ating Committee. 


H. D. Camppertt has been elected 
president and general manager of the 
Franco Western Oil Co., Bakersfield, 
Calif. Campbell was for 34% years vice 
president in charge of production for 
the company, having also served as 
petroleum engineer and superintendent. 
He is a petroleum engineering gradu- 
ate of the Colorado School of Mines. 


Lewis E. Youné presented a paper 
before the Institution of Mining Engi- 
neers in London last month, and was 
awarded honorary membership in the 
Institution. Since that time he has been 
touring England, Scotland and the Con- 
tinent, and has made inspections of a 
number of mines in European countries. 

+ 

H. J. Srrurn, petroleum consultant, 
has established office headquarters in 
the Kirby Building, Dallas. He will 
specialize in economic research, the 
preparation of informational publica- 
tions, and serve as advisory counselor 
on matters pertaining to petroleum in- 
dustry economics and fact-founded pub- 
lic relations. During the last two years. 
Struth has been spending much of his 
time in South America, as economi 
consultant to the Venezuelan govern- 
ment, in connection with petroleum de 
velopments in that country. Prior to 
his foreign assignment, Struth spent a 
vear in New York, as assistant director 
of public relations for the API 

— 

Joe M. Corriecp, formerly employed 
by the Sohio Petroleum Co., as district 
engineer and assistant production su- 
perintendent has. since Nov. 15, 1951, 
Drilling 
as production 


been employed by Petersen 
Co., in Shreveport, La.. 


superintendent 


4 


Cuartes J. McGee has been trans- 
ferred from McAllen to Corpus Christi, 
where he is manager in the newly 
opened core analysis laboratory of the 
Petroleum Service Co 


+ 


Frank S. Mittarp has been made 
assistant manager of the Permian Ba- 
Well Sur 


sin division, Schlumberger 
veving Corp 
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RatpH Harpy FiuKer is employe 
as division petroleum engineer by Gulf 
Oil Corp. at Houston, Tex 


+ 


Juuian C. Herrine, 
a five-year course of study and receiv 


after completing 


ing a BS in petroleum engineering and 
BS in geological engineering from the 
Agricultural and Mechanical College of 
Texas, has accepted employment with 
the Magnolia Petroleum Co 


Otis L. James has completed his 
work at the University of Texas and is 
employed by Gulf Oil Corp., Fort 


Worth, Tex. 
+ 


JoHN JANEVY resigned his position 
as district geologist for Tide Water 
Associated Oil Co. in Oklahoma City 
and became associated with L. S$ 


Youngblood. 


KennetH D. Moriarty is now em 
ployed as petroleum engineer with Tide 
Water Associated Oil Co. at their Mid 
land office. 


James R. Unperwoop, Jr. has been 
on military leave of absence from the 
Sohio Petroleum Co. He is currently 
assigned to the Quartermaster Section, 
Eighth Army, as the navy member of 
the joint staff, Sub Area Petroleum 
Office, Korea. 

SHANNON L. Matueny, Jk., 
leum engineer trainee, Continental Oil 


petro 
Co., is now at Seal Beach, Calif 


Georce W. Doerer graduated from 
the New Mexico Institute of Mining and 
Technology with a BS degree in petro 
leum engineering and accepted a posi 
tion as junior petroleum engineer with 
the Standard Oil Co. of California at 
Taft, Calif. 

Carce F. SHare has become man 
ager of the land division of the domestic 
crude production department of The 
Atlantic Refining Co. He has been with 
the company since 1926, and has been 
assistant to the manager of the Land 
Division since 1937 

+ 

Ep¢éar Kraus, chief geologist with 
the production department of The At 
lantic Refining Co., has been named 
manager of domestic exploration. Kraus 
joined the company in 192] as geologist 
and became chief geologist in 1946 
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JosepH Paut McCuttocn, formerly 
with The Texas Co., New York, is now 
associated with the American Overseas 
Petroleum, Ltd. 


i 
Harotp W. STanier has joined the 
Sunray Oil Corp., Newhall, Calif. He 
had been with the Barnsdall Oil Co. 


+ 


H. C. MILver is principal petroleum 
engineer for the U. S. Bureau of Mines, 
San Francisco, Calif. 


+ 


Cuarves Davin Davipson is now with 
the National Associated Petroleum Co.. 
Barnsdall, Okla. 


+ 


Bop GATLiFF is an engineer trainee 
with the Stanolind Oil and Gas Co.., 


Ellinwood. Kans. 
+ 


F. Donato Dinter, Jr. has become 
associated with the Ohio Oil Co., Ba- 
kersfield, Calif., as a geologist. 


— 


Davip P. BossLer is now with the 


International Petroleum (Colombia) 


Ltd., Barranquilla. 


Puitip M. Brinées is now petroleum 
engineer for the Stanolind Oil and Gas 
Co., Midland. 


Invan E. Curtis died October 12, 
1951 after an extended illness. He was 
born March 14, 1914, at Oblong, IIL. 

He was awarded a 
BS degree in min 
ing engineering by 
Missouri School of 

Mines in 1939. 
Following grad 
uation he worked 
for the Deep Rock 
Oil Go. at Drum- 
right, Okla., and 
then moved back 
to his native state with Tide Water 
Associated Oil Co. He was transferred 
to Kilgore and to Wichita Falls in 1942 
as district engineer. In 1947 he became 
pool engineer for the newly formed 
Hull-Silk Repressuring Association and 
was responsible in large measure for 
the development of a smoothly function 
ing cooperative gas injection program 
in the Hull-Silk Field. Archer County. 
Tex. He served as vice-chairman and 
lirector of the North Texas Section of 
AIME. He was author of a paper, “Re 
pressuring Results in Hull-Silk Field.” 
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Bylaws Revision 
On Dues Slated 

At its meeting on July 16, the Execu- 
tive Committee proposed that the first 
two sentences of Article Il. Sec. 2 of 
the Bylaws of the Institute be revised 
to read as follows, provided the refer- 
endum of the membership vote to give 
the Board its authority. The Board will 
vote on this amendment of the Bylaws 
at its meeting on Sept. 7: 

“Until otherwise determined by the 
Board of Directors of the Institute, the 
dues of Members and Associate Mem- 
bers shall be $20 per annum. and dues 
of Junior Members shall be $12 per 
annum for the first six years of mem- 
bership and thereafter $17. Dues shall 
not be required of either Honorary or 
Senior Members.” ~* * 


Memorial Resolution 
For Charles McDermid 


A resolution in memory of Charles 
McDermid. honorary member of the 
Institute, was adopted at the June 18 
Board meeting. reading as follows: 


“The Board of Directors of the American 
Institute of Mining and Metallurgical Engi- 
neers records, with deep regret, the death at 
Bexhill-on-Sea, England, on May 7, 1952, of 
Charles McDermid, Secretary of the Institution 
of Mining and Metallurgy from 1900 to 1939, 
Secretary of the Institution of Mining Engi- 
neers from 1920 to 1939, and for many years 
Honorary Secretary of the Empire Council of 
Mining and Metallurgical Institutions. In this 
last capacity, he took an active part in the 
Empire Mining and Metallurgical Congresses 
held in London (1924), Canada (1927), and 
South Africa (1930). He was well-known to 
the mining engineering profession throughout 
the world, and his wide knowledge and cour- 
teous helpfulness were much appreciated by 
all with whom he came in contact. This appre- 
ciation was shown by his election as an Hon- 
orary Member of the American Institute of 
Mining and Metallurgical Engineers in 1921, an 
Honorary Member of the Institution of Mining 
and Metallurgy and the Institution of Mining 
Engineers in 1939, and a Corresponding Member 
of the Canadian Institute of Mining and Metal- 
lurgy. In addition to his other activities, he 
was a member of the Governing Body of the 
Imperial College of Science and Technology, 
London, from 1931 to 1947, and gave valuable 
assistance in the formation of the first Tun- 
nelling Companies of the Royal Engineers in 
the 1914-1918 war. He held strongly the view 
that in the interests of world peace the U.S.A 
and Great Britan should collaborate more 
closely, with particular reference to their 
respective mineral resources and requirements, 
and in furtherance of this object he visited the 
U.S.A. in 1929 as the representative of the 
Empire Council of Mining and Metallurgical 
Institutions.” 


Branch Functions 
Debated by Board 


Considerable discussion took place 
at the Board of Directors meeting on 
June 18 concerning how the Petroleum 
Branch office in Dallas could better 
serve its members and the essentially 
Petroleum Local Sections, namely the 
Delta. East Texas, Gulf Coast, Kansas. 
Mid-Continent, North Texas, Oklahoma 
City. Permian Basin. and Southwest 
Texas. The question of whether decen- 
tralization strengthens or weakens the 
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Institute was debated, particularly as 
to what services could be advantag 
eously decentralized and how both of 
fices could keep informed on_ their 
mutual problems. Among other things 
it was decided that an Auxiliary Ad 
missions Committee could screen appli 
cations from Petroleum members before 
final action by the National Admissions 
Committee in New York. Finally it was 
voted “that all administrative matters 
that can be properly delegated to a 
Branch organization may be so dele 


6 
Ye, 
/, 4 £p 


gated.” Final details were approved. at 
the July 16 meeting of the Executive 
and Finance Committees. x * 
Lima Section Founded 

A new Local Section of the AIME 
in Lima, Peru, was authorized at the 
Executive and Finance Committees 
meeting on May 21. The Section will 
be known as the Lima, Peru, Local 
Section and its territory will include 
the cities of Lima and Callao and 


their suburbs. x* * 
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For best results use the team that goes together best... 


Infilco’s B1IO¢ORPTION PROCESS and the AERO-ACCELATOR. 


The BiosoRPTION PROCESS has shown phenomenal results in the 


reduction of B.O.D. and suspended solids. So also are the results 


in efficiency, low maintenance and appreciable space-savings. 


The advantages of the AERO-ACCELATOR as a combined mixer 


clarifier have been proved in many diversified installations. 


Together these two form a winning team. 


Ask for bulletins describing Infilco’s BlosoORPTION PROCESS 


and the AERO-ACCELATOR. See how the combination of these 


two can pay out handsomely 


IMFILCO INC. Tucson, Arizona | Plants in Chicago & Joltet, Miners 
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Employment Notices 





The Journac will post notices of men 
and jobs available. Companies and 
AIME members are invited to use this 
space, for which there is no charge 
Except as noted below, address replies 
to: Code (appropriate number), Jour 
NAL OF PetroLeum TECHNOLOGY, 408 
lrinity Universal Bldg., Dallas 1. 
return address on envelope. These re- 
plies will be forwarded unopened and 


Show 


no fees are involved. 

Replies to the positions coded Y7072, 
Y6427, Y5908 and M-696 below should 
be addressed to: Engineering Societies 
Personnel Service, 8 West 40th St.. New 
York 18, N. Y. The ESPS. on whose 
behalf these notices are published here. 
collects a fee from applicants actually 
placed. 


POSITIONS 
@ Mechanical 


with five to ten years’ experience on 


construction engineer 
P.O.L. (petroleum, oil and liquid pip 
ing) work for large airport construction 
project. Salary, $11,440 a vear includ 
ing board and maintenance. Location. 
lurkey. Y7072 

@ Instructor or assistant professor, 25 
30, with a few years’ practical experi- 
ence in petroleum production engineer 
ing. Should be American citizen. Salary 
$5,000 a year depending on 
experience. Location, West. Y6685 


up to 


@ Combustion engineer with BS in me 
chanical, chemical, petroleum or com 
bustion engineering. Preferably MS in 
combustion engineering. and not less 
than eight and preferably ten years’ in 
field. Experi 
ence should cover theory of combustion, 


combustion engineering 
liquid fuels and design and maintenance 
industrial 
Must be able to supervise and direct 


of domestic and burners 
the activities of a group along a given 
line in his field, and should be able to 
train personnel in matters concerning 
his field. Salary open. Location. Brook 


Ivn, N. Y. Y6427 


@ Engineers. (a) Oil refinery 
design engineer, 30-40, chemical or me 
chanical 
actual oil refinery 
work on 


proces- 


engineering graduate, with 
distillation 
cracking 


process 
design plants or 
equivalent. Will supervise engineers and 
draftsmen in the design of all types of 
distillation units from flow plans and 
data. Must be able to discuss with oil 
refinery experts, all phases of oil refin 
ery design. Salary open. (b) Oil refin 
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ery field maintenance and construction 
superintendent, 30-60, with actual ex 
perience in the field working for an oil 
company or for a contractor who has 
contract work in an oil 


forming the following work: Hiring and 


refinery per 


supervising all classes of mechanics and 
assigning them to oil refinery mainte 
nance or construction as required. Sal 
York Metro 


Coast area or 


ary open. Location, New 
politan area or Gulf 


both. Y5908. 


PERSONNE! 


@ Executive assistant. 40 years old, 20 
years’ experience in the drilling. pro 
duction, natural gas and construction 
phases of the oil industry in adminis 
trative and engineering capacities. Gov 
ernment service with Petroleum Admin 
istration for War. Desire supervisory or 
advisory assignment with progressive 
and well established oil or gas com 
pany. Presently employed with major 
gas transmission company. Preferable 
location, Houston. Code 168 


@ Petroleum 
drilling. production and reservoir stud 


ies. Have been employed eight years 


engineer experienced in 


Gulf 
field 


ind analysis of electrical log and ra 


with major company in Coast 


area. Familiar with oil geology 


dioactivity logs. College graduate in 
petroleum engineering, married, and 30 
vears of age. Desire responsible posi 
tion with progressive independent as 
petroleum engineer or field engineer 


Code 169 


@ Petroleum 


training in business administra 


engineer, graduate, two 
years 
tion. Experience: five years in office 
ind field management, 315 in finance 
with the armed forces. four as field 
engineer. Employed. desire change. Age 
36. married, no children. foreign loca 


tien considered. Code 170 


@ Petroleum engineer with 16 years of 
excellent experience in production and 
drilling desires a change in employ 
ment. Location in Southwest preferred 


Code 171 
@ Petroleum 


studied in U.S.A. years” experi 
ence drilling and Speaks 
English. German, French. Turkish and 
little Arabic. Desires position U.S.A 
Canada or Middle East. Presently re 
siding Turkey. M-696 x* * * 


engineer, 31. married: 
Four 


production 





Proposed for Membership, 


Petroleum Branch 





Total AIME membership on May 31, 1952, was 
17,772; in addition 2,413 Student Associates were 
enrolled 


ADMISSIONS COMMITTEE 
T. D. Jones, Chairman; Thomas G. Moore, Vice 
Chairmon; Harold S. Bell, F. W. Hanson, R. H 
T. W. Nelson, J. H. Scaff, John T 
A. C. Brinker, Ivan Given, C. A. R 


Lutien, E. A. Prentis, and C. Leslie 


The Institute desires to extend its privileges to 
every person to whom it can be of service, but 
does not desire as members persons who are 
unquolified. Institute members are urged to re 
view this list as soon as possible and immediately 
to inform the Secretary's office if names of 
people are found who are known to be unquoli 
fied for AIME membership 

In the following list C/S means change of 
status; R, reinstotement; M, Member; J, Junior 
Member; A, Associate Member; S, Studen? Asso 
crate 
CALIFORNIA 

Downey Walter 

Monterey Park 

South Gate Bloudoff, Peter S 

Turlock Doepel, George W ( 

Whittier Jones, Stanley B M 


KANSAS 
Russell 

LOUISIANA 
Shreveport Doyle, Eus 

MINNESOTA 


St. Paul 


William ¢ 
Reekstein, Robert 


Herbert 


Smith 


Dahiman, Clark 
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NEW MEXICO 
Hobbs Adams, Wayne R. (J) 
Richard A. (M) 
NEW YORK 
New York 
OKLAHOMA 


Bartlesville 
Oklahoma 


Hender 


Brown, Donald M. «(M) 


Gilbert H 
Clifton 

Sandlin, Walker P. (M) 

Tulsa Bobek, Jack E. (J) Da 
fapoport, Leo A. (M) 


PENNSYLVANIA 


Gibsonia Henderson 


James 
S-M) 
Titusville Meabon, Harold P 
TEXAS 
Alice anger Alfred J. (M): Lie 
nG > 8-S-J) 
Austin Selim, Mohamed A. (J) 
Baytown Fields, Clifton H. (M) 
College Station Kearby, Jerome ¢ 
S-S-J) 
Corpus Christi Brown, Carl P 
mre Willis ¢ (iM) Koy Billy ¢ 
Michael L., Jr. (J) 
Kern, Loyd R 


Gulledge, 


annor 
Irving (M) 

Levelland Marshal! ( 
Midland Brown, Richard L. (M) 
William Carroll (J); Sreanson, Robert E 
Odessa Armstrong, Louis P. (A); Stet 
nn, John W. (J) 
Wichita Falls 


CANADA 
Calgary. Alta. 
VENEZUELA 


Caracas Raumel, Jac K 


William R M) 


Staples 


Drysdale, Gerald G 
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Core Analysis 

Continued from Page 28, Section | 
utility of this method. The index of 
refraction can be measured accurately 
for an oil smear on a microscope slide, 
but the correlation of index of refrac- 
tion with oil gravity is different for oils 
of different bases: therefore this method 
is also of limited use. Oil gravity is 
difheult to measure reliably unless a 
large oil sample is available. 
Interstitial Water Saturation 

Interstitial water saturation, the 
water saturation of virgin reservoir 
rock, is the fifth core property com- 
monly measured in routine analysis. 
This measurement usually is made by 
the “restored state method.” Water is 
forced from a core by a non-wetting 
phase. gas or oil, to a predetermined 
capillary — pres- 
sure — between the wetting and non- 


pressure difference 


wetting phases. Water saturation is de- 
termined by measuring the volume of 
water that is forced from the core. Usu- 
illy. interstitial water saturation meas- 
ured by this method is the same as the 
water saturation in cores that were cut 
with oil base mud. Some times, how- 
ever. oil base cores contain higher 
water saturation than is indicated by 
the restored state method. The high 
water saturation of oil base cores may 


be the true saturation of the formation. | 


but this would indicate nonequilibrium 
between saturations and height above 
the water table. Johnston believed such 
nonequilibrium to be improbable; he 
stated that high water saturation of oil 
base cores is more likely to be due to 
invasion of cores by water that is pres 
ent as a contaminant in oil base mud. 
Flood Pot Testing 

The susceptibility of sands and oils 
to water flooding — flood pot testing 
is a core property of increasing impor- 
tance in California. Among the meas- 
urements made in a flood pot test are: 
(1) flood water compatibility flood 
water should not react with interstitial 
water to form precipitates that plug 
pores: (2) effect on flood efficiency of 
water-oil interfacial tension; (3) effect 
of pH on water-core mineral reactions; 
and (4) the effect of oil viscosity. John- 
ston quoted an example of a successful 
flood pot test in which the oil viscosity 
was 450 cp. 15 times as great as the 
viscosity that is regarded as maximum 
for effective water flooding. This exam 
ple. together with the fact that the 
horizontal permeability variation, lentic- 
ularity. found in most California oil 
sands tends to even out the effect of 
vertical permeability variations, leads 
Johnston to believe that water flooding 
of many California sands is feasible. * 


August, 1952 





for internal corrosion surveys 
ne 


Otis reports include photostats of actual 
Caliper charts plotted during run 


Otis Tubing 
Caliper Service 


If you are operating in a corrosive field, you 
need accurate, reliable information on the de- 
gree of internal corrosion damage in the tubing 
and casing of your oil or gas wells. Otis wire 
line crews, running the Otis Tubing Caliper 
under pressure, can obtain this data for you 
quickly and economically without killing the 
well or pulling the string for surface inspettion. 
Spring-loaded feelers on the Otis Caliper, 
pressing against the inner wall of the tubing, 
actuate a stylus inside of the instrument that 
plots the location of corrosion pits on a special 
metal chart. After the survey is completed, 
the charts are photostated, tabulated, and 
analyzed, and included as part of a compre- 
hensive report on the exact condition of the 
well as surveyed. The extent of corrgsion 
damage to the entire string — including the 
tubing hanger — or to any individual joint can 
be determined at a glance. If necessary, the 
metal chart can be tabulated and interpreted 
at the well site if an immediate report is de- 
sired. In view of the tubular goods situation, 
don’t risk the consequences of internal cor- 
rosion damage to your tubing and casing. Make 
use of the vast experience Otis engineers have 
gained from surveying thousands of producing 
wells. Contact your nearest Otis office for 
sample well reports and descriptive literature 
on the Otis caliper service, or write to us at 
P.O. Box 7206 in Dallas. There's no obligation. 


OTIS PRESSURE CONTROL, INC. 


Dallas * Houston * Corpus Christi * Victoria 
Falfurrias * Longview * New Iberia * Odessa 
Shreveport * Houma * Okla. City * Elk City 
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PROGRAM 


Papers and Activities 


PETROLEUM BRANCH, WEST COAST FALL MEETING 


Statler Hotel, Los Angeles, Calif., October 23-24, 1952 


(All papers shown are subject to change or withdrawal) 


Thursday, October 23, 1952 


8:00 a.m. - 5:00 p.m. — Registration and Exhibits 


9:00 a.m. to 11:30 a.m — Technical Session 

{bnormal Conductivity in Reservoir Rocks, by W. O. 
Winsaver and W. M. McCarpvett, Humble Oil and Re 
fining Co. 

Effect of Total Flow Rate on Relative Permeability, by 
J. A, Putnam, R. E. Buck Lanp and O. Levenspier, Uni 
versity of California. 

{pplication of PVT Data to Reservoir Engineering, by 
C. R. Dovsox, University of Southern California; E. H 
Mayer and D. GoopwiLt. Standard Oil Co. of California 


12:00 noon — Petroleum Chapter Luncheon 


2:00 p.m. to 4:30 p.m. — Technical Session 
W ater History, by Harry 
Oil Co. of California, and co-author. 


Flooding Case Accers, Union 


Prediction of True Static P 


Oil and Gas Co 


ressures, by J. THomas, Signal 


Histories of JOHuN 


Riteie. Jr. 


Case 


Three Depleted Gas Fields, by 


Southern California Gas Co. 


Technical Note 


Continued from Page 24, Section | 


correct, the relative permeabilities used were incorrectly deter 
mined, vielding produced gas oil ratios much lower than the 
correct ones 

Relative permeabilities determined in Equation (1), used 
in conection with reservoir calculations, which assume a uni 
form saturation for the field, may also yield approximately 
correct results, provided laboratory and field gas/oil viscosity 
ratios are identical 

Fig. 


can extend over 


3 shows that differences in predicted field performance 
a range of seven to one, depending on the 
method used 

external drive should be 
examined closely to make sure that the correctly determined 
relative permeability and the method of field 
Use of the two incorrect combinations 


Future reservoir calculations for 


ratios correct 


calculations are used 


of methods cited may account in some measure for the many 


cases in which calculated and actual external drive field 


performance e were widely divergent 


ACKNOWLEDGMENTS 


The author is indebted to Charles R. Stewart and Joseph 
B. Egbert for their invaluable assistance in the experimental 
Thanks are also due to Richard A. Morse for 


work his con 
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Friday, October 24, 1952 


8:00 a.m. - 5:00 p.m. — Registration and Exhibits 


9:00 a.m. to 11:30 a.m. 


Technical Session 
Salinas Valley, by J. KitkeNNy, Union 
of California 


Geologic Case History 
Monterey Oil Co 


Ge ologic Ser 


Oil Co 


tion 


San Ardo Field, by T. BALDWIN 


Engineering Case History irdo Field, by T. Bewt 
The Texas Co 

Production History of Upper 
Wilmington Field. by Gro 


Dept 


San 


Terminal Zone, Block 3, 
Avecust, Long Beach Harbor 


and Reap Wintersury, Union Pacifie Railroad Co 


2:00 p.m. to 4:30 p.m. — Technical Session 


Preparation of Engineers for Management, by Forest 


Wattace, Management Consultants. 
Discussion of Evaluation Techniques, by G. E. Woovwarp 
and E. G. Troster. DeGolyer and MacNaughton 


7:00 p.m. — Dinner Dance, Statler Hotel 


structive aid in 
Stanolind Oil 


technical 


l 


2. Krutter, H.., 
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this 


this study 


ind Gas Co. for permission to present 
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SPECIAL TOOLS MAKE YOUR 
HALLIBURTON TEST 


... with rarely a misrun! 
> a a a a a a a a a a a a a a a a a a ee 


st 


ONE OF THE MANY REASONS WHY 
HALLIBURTON’S BEST FOR YOUR DRILL STEM TEST! 


)// 


Here’s a testing string that has everything to give you a safe, 
successful, accurate test...on the very first run most of 
the time! 

Big savings of rigtime result from Halliburton’s 
advanced, highly-specialized tools... tools developed by 25 
years’ grass-roots research and improved by experience on 
more than a million jobs. 

Exclusive features on Halliburton’s string include: 
1) The new curved J-slot that automatically locks every 
tool, prevents valves from opening too soon, closes and locks 
simply by raising drillpipe a few feet; 2) Special duty 
packers designed to meet various hole conditions; 3) Locked- 
open By-Pass; 4) Surface-controlled adjustable chokes; 
5) Multi-purpose circulating valves, and other features 
Halliburton alone offers. 

For severe conditions encountered in deeper wells 
Halliburton has a new J-20 Tester. It was developed spe- 
cifically for high temperatures, pressures, and velocities 
found in testing formations around 20,000 feet, and has been 
used with great success. 

Such constant improvement in tools and technology 
enables Halliburton to maintain its leadership and keep pace 
with the ever-changing requirements of the oil industry 
That’s why there’s seldom a misrun when Halliburton tests 
your well. 

Next time save rigtime — phone your nearby Halliburton 
Tester. Halliburton Oil Well Cementing Co., Duncan, Okla 
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MORE REASONS WHY HALLIBURTON’S BEST: 


VS 


YOU GET BENEFITS rs GREATER ACCURACY IN 
OF BIG RESEARCH ° PRESSURE RECORDING 
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Halliburton alone offers a testing serv ; Holliburton's ex ve Bourdon Tube 
ice developed and improved by 25 | the most precise pressure recording 
years energetic, grass-roots research a device — gives you { eoter accura 


at no extra 


YOU GET MILLION-JOB EXPERIENCE : YOU'RE ONLY MINUTES AWAY 


There s no substitute for experience . Halliburton has 177 field camps in the 


and Halliburton alone offers you the * U.S. and Canad 


Wa 
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enormous experience of service on Tester only minute way 


more than a million jobs QS SOON as you 
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YOU GET REAL PERSONAL SERVICE 
Your Tester stays on the rig from start 


to finish of your test—giving you his 





full-time attention during this highly 


eres HALLIBUR ON ) 











Book Reviews 


Advertisers’ Index 








The following books are available in the Engineering So- 
cieties Library, and may be borrowed by mail by AIME 
members for a small handling charge. The library also pre 
pares bibliographies and translations, and provides search, 
photostat and microfilm services. Address inquiries to Ralph 
H. Phelps, Director, Engineering Societies Library, 29 West 
39th St., New York 18, N. Y. 

The Petroleum Dictionary 

By Lalia Phipps Boone. University 
Okla., 1952. 338 pp. 8} 
This compilation contains more than 6,000 words and ex 


of Oklahoma Press, Nor 


man, » x6 in., bound. $5.00. 


which comprise 
branches 


both technical and non-technical 
four 


pressions 
the everyday language employed in the 
of the 
ing. lo these 
fields, 
slang and specialized expressions native 
Rotary Drilling Handbook 

By J. E. Brantly. Palmer Publications, 
1952. 702 pp., tables, graphs, illus., 
S10.00 


major 
pipelining, and refin 


(and nicknames) of 


exploration, production, 
added 
and geological formations, as 
to the oil 


industry 


have been names 


wells, persons, well as 


industry 
Vew York, fifth edition, 
diag., 72 x 5'4 in., bound 


drillers 
toolpushers, superintendents, engineers, and students of petro 
all of the 
and practical rig 


lhis handbook was written for the use of floormen, 


leum and drilling engineering. It contains material 
ind tables needed by the field 
In this new edition many chapters have been rewrit 
drillin 


practices and 


engineer 
operator, 
include advances in the rotary 
industry, and 


straight-hole drilling have 


YOU SAVE 


with GEOLOGRAPH 


ten to important 
chapters on drilling 


added. 


two new 


been 





Ask the men 
who use this service! 


Geologist, 

Toolpusher, 
they'll all tell 
when you 


Whether you ask the Engineer, 
Superintendent, Contractor, 
Driller or the Operator 

you that you save log as you 


drill with Geolograph! 


GEOLOGRAPH 


MECHANICAL WELL LOGGING SERVICE 
P.O. Box 1291+ Oklahoma City 1, Okla. 


Farmington, New Mex.—Liberal, Kan.—Oklahoma City, Oklahome 
Abilene, Houston, Odessa, Lubbock .and Wichita Falls, Texas 
Bakersfield, Cal.—Shreveport and Baton Rouge, Lo. 

Casper, Wyo.—Glendive, Mont.—Sterling, Colo. 








Calgary and Edmonton, Alberta, Canada y, 
egina, Saskatchewan, Canada allt 
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SINCE 1941 the average 
total drilling cost has 
increased more than 60% 









































YET THE COST OF DRILLING MUD IS 
STILL 20 BELOW THE 1941 LEVEL 


Along with fair and reasonable prices, Magcobar has helped bring about other 
important advantages to the oil industry. Better service is an example. Today 
Magcobar alone has more mud engineers in the field than the total of all mud 
companies in 1941. And, Magcobar has continually expanded and kept its service 
organization in tune with the needs of the industry. When you need mud, look for 
the “Magcobar, complete drilling mud service” sign in your area. Magcobar Dealers 
are ready to serve you night and day from Canada to the Gulf Coast. 


[egpay, 


DRILLING MUD SERVICE 
[oeacen 


AVERAGE COST OF MUD 





AND TEN YEARS 
ATE THE COST 


DRILLING MUD COST PER TON 


MAGCOBAR FAIR AND REASONABLE MUD PRICES 
obar* Magcogel* High Yield» Magco-Fiber* Xact ENTERED THE 
Clay* Fiber Seal* Leather-Floc* Form-A-Plug* Cell-O-Seal PICTURE HERE 
Salt Gel* Magco-Phos* Red Ox* Magco-Mica" Tannathin 
Jel-Oil Mud * Jel-Oil “E+ “E” Concentrate * Noheev 
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MAGNET COVE BARIUM CORP - MALVERN, ARK * HOUSTON, TEXAS 
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